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Abstract 
While novel nanotechnological achievements are becoming increasingly important in everyday 
life, there is emerging evidence from nanotoxicology for human health hazards. This is 
particularly relevant in nanoparticle production facilities, where the enhanced presence of 
engineered nanoparticles may cause increased exposure levels. Research on occupational 
nanoparticle exposure is currently in its infancy. The purpose of this case study was the 
qualitative and quantitative characterisation of nanoparticle exposure in an industrial production 
facility, the evaluation of personal protective equipment, and the application of established 
indoor models for the reproduction of measured particle concentrations. In collaboration with 
HeiQ Materials Ltd., 25 days of field measurements were performed. Thereby, submicron mass 
and number concentrations as well as the corresponding particle size distributions were 
monitored using an Optical Dust Monitor, Condensation Particle Counters, and Scanning 
Mobility Particle Sizers. With respect to respiratory protection, mask filter performance was 
evaluated under production conditions. All measurements were complemented by the 
characterisation of ambient conditions (air velocity, temperature, and relative humidity) and 
thorough logging of the production outline, operator activities and surrounding influences. 
Elevated levels of nanoparticles from production and maintenance procedures could be found 
throughout the facility; the average number concentration during production steady-state 
conditions was approximately 60,000 p/cm3, which was sevenfold the mean background level. 
However, the absolute number concentration, in comparison to literature values from other 
occupational settings, appeared to be rather moderate. The production unit and cleaning system 
were identified as the main emission sources. Independent of ambient conditions, number 
concentrations followed the daily production pattern and showed little spatial variation within 
the production area. Conversely, corresponding mass readings did not reflect particle emission 
patterns. Furthermore, commercially available respirator filters were found to reduce particle 
number concentration by more than 96.7%. Finally, the adaptation of a one-box model 
illustrated the feasibility of modelling the present concentration profiles. This study permits 
insight into important exposure aspects at the investigated production site and provides 
indications that may be applicable in other production facilities and cues for potential regulatory 
adaptations of currently mass-based exposure thresholds. 
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1. Introduction 
1.1 Background 
If material size is incrementally diminished, the significance of bulk as opposed to surface 
properties decreases continuously. This can be illustrated with the enhancement of a material’s 
chemical reactivity with increasing proportion of surface atoms. Furthermore, in the lower 
nanometre range, the laws of classical physics do not hold any longer and quantum effects 
induce discontinuous changes in qualities (Paschen et al., 2004). New phenomena start to 
dominate, which are not relevant on the macroscopic scale. – This simplistic depiction describes 
the underlying fundamentals of a range of new technological realms collectively characterised 
as ‘nanotechnology’.  

Nowadays, nanotechnology is generally treated as an emerging key technology (Luther, 
Malnowski, & Zweck, 2005). Numerous possible improvements are anticipated in a wide field 
of applications ranging from enhanced construction materials to novel drug delivery systems. 
Nanotechnology is not only expected to enhance the performance of various consumer products 
but also to contribute in providing solutions to current societal challenges such as limited energy 
resources. While some expectations may remain aspirations, others are on the brink of 
realisation; a limited number of applications such as functionalized surfaces and cosmetic 
products have already been introduced onto the market (Luther, Malnowski, & Zweck, 2005; 
Paschen et al., 2004). 

The potentials of nanotechnological innovations are investigated with enthusiasm by research 
institutions and industry. However, research on human health risks associated with the unique 
particle properties is rather limited. The corresponding risk discussion is confined either to 
rather general hazards or tied up to very specific toxicological studies investigating particular 
health effects of particular nanostructures. The latter, however, have yet to be directly associated 
with the actual human exposure to the corresponding nanoparticles. For many 
nanotechnological applications, concentrations and resultant health effects are suspected to be 
highest in the production and recycling phases, where nanoparticles may undergo uncontained 
stages and disperse unintentionally into the environment (Peter, 2005). 

Although only a limited number of enhanced consumer products are currently available on the 
market, some established nanoparticles such as titanium dioxide for cosmetics are already 
manufactured in the range of several tons per year (Bourgeoisat, 2006). In 2004, approximately 
20,000 employees worldwide were working in the nanotechnological sector. Many novel 
engineered nanoparticles are currently being tested for their market potential and some will 
enter industrial production. The number of potentially exposed workers is therefore expected to 
expand considerably. For 2019, about 700,000 workforces are projected to be exposed to 
nanoparticles either in manufacturing or professional use (Aitken, Creely, & Tran, 2004)1.  

Data on corresponding exposure in occupational settings was found to be limited. Apart from 
one study by Maynard et al. (2004), which analysed workplace exposure to Carbon Nanotubes 
(CNT), no further publications were found investigating exposure to novel, engineered 
                                                      
1 The predicted number of exposed workers is based on projected economic growth in the nanotechnological sectors. 
Due to the highly dynamic nature of the nanotechnological development along with ambiguous terminology (refer to 
the glossary on p. 101), these figures can only provide a rough estimate.  
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nanoparticles either in laboratories or in industrial production plants. The limited occupational 
exposure data along with the emerging toxicological findings have made research groups, 
federal institutions as well as manufacturers call for additional workplace assessments in order 
to gain a better understanding of relevant occupational health implications (Aitken, Creely, & 
Tran, 2004; Mark, 2004b; G. Oberdörster, Oberdörster, & Oberdörster, 2005; The Royal 
Society & The Royal Academy of Engineering, 2004). 

Currently, there are no regulations which consider nano-specific characteristics: Nanomaterials 
are treated in the same way as the corresponding bulk materials (Helland, Kastenholz, Thidell, 
Arnfalk, & Deppert, In press). Accordingly, nanomaterials are not subject to specific approval 
procedures. This holds also with respect to related health and safety issues; the same mass-based 
occupational measures apply for bulk material as well as for nanoparticles. Authorities in charge 
of adapting new regulations are waiting for additional scientific evidence of adverse effects 
(Helland, Kastenholz, Thidell, Arnfalk, & Deppert, In press) and increased experience of 
monitoring strategies and measures, which will ultimately provide guidance for the 
implementation of necessary regulatory adaptations.  

The ESD2 research group addresses the outlined research gap under the project ‘Nanoparticles 
and Solvents: Exposure, Risk, and Life-Cycle Assessments in Occupational Settings’. Within 
this project, exposure to engineered nanoparticles is monitored in various laboratory and 
industrial nanoparticle production sites. In collaboration with HeiQ Materials Ltd. and 
coordinated by the Seed Sustainability platform of the Centre for Sustainability of ETH Zurich, 
the present diploma thesis investigated important aspects of nanoparticle exposure in an 
industrial production facility. 

1.2 Research Objective 
1.2.1 Objective 
The primary objective of this diploma thesis was the investigation of occupational exposure to 
engineered nanoparticles in an industrial production plant. Thereby, the following aspects were 
addressed: 

 Qualitative and quantitative exposure characterisation: What are the exposure levels in 
terms of mass and number concentration as well as the underlying particle size 
distribution at the investigated production site? Which measures effectively describe the 
production emission pattern and allow identifying emission sources? What is the 
corresponding influence of ambient conditions? 

 Personal protective equipment: What is the effect of currently available personal 
protective equipment under real production conditions? 

 Exposure modelling: Which models can be used to describe and reproduce the observed 
particle concentration profile, i.e. spatial and temporal distribution? 

1.2.2 Approach 
In a first step, a general literature review regarding current knowledge on relevant occupational 
nanoparticle exposure issues was performed. The subsequent experimental investigation of 
                                                      
2 Chair of Ecological Systems Design (ESD), ETH Zurich (www.ifu.ethz.ch/ESD/research/workplace/).  
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submicron particle concentrations and corresponding protective equipment constitute the core of 
the diploma thesis. Finally, the measured data was reproduced using an indoor model.  

This approach allowed addressing relevant occupational health and safety aspects at the 
investigated workplaces as well as contributing to general research in the scientific realm of 
nanoparticle exposure.  

1.3 Outline 

Chapter 1: Introduction 
The present chapter integrates the thesis goals into the broader context of the nanotechnological 
development and delineates the rationale behind the outlined research question.  

Chapter 2: Nanoparticles and Occupational Health: Literature Review 
Chapter 2 is dedicated to a brief description of the current state of knowledge in the realm of 
nanoparticle exposure. Initially, the routes of potential nanoparticle exposure are outlined and 
the current knowledge on related health risks is summarized. Subsequently, the corresponding 
implications for occupational health aspects are described with a specific focus on the 
monitoring methodology and protective measures. The literature review will support the logic 
behind the chosen methodological approach and provide the foundations for an appropriate 
discussion of the findings. 

Chapter 3: Methodology 
In this chapter, the case study is first outlined by describing the investigated industrial 
production site. Thereafter, the instrumentation and experimental approaches used in the field 
are explained and the theoretical foundations of the applied model are delineated. This chapter 
is particularly relevant to ensure traceability of the chosen methodological approaches and 
adequate result interpretation. 

Chapter 4: Results 
Chapter 4 presents the main results of the study: Mass and number concentrations under 
background and production conditions are characterised and accompanied by a detailed 
examination of the corresponding instrumental performances. Thereafter, the particle size 
distributions derived in the field are introduced. Subsequently, mask filter performance is 
outlined and compared with respect to different filter standards, flow rates, and surface areas. 
Finally, a separate section is dedicated to the determination of the modelling parameters and the 
corresponding reproduction of the measurements. 

Chapter 5: Discussion 
In this chapter, the key results are analysed and discussed. Initially, the main characteristics of 
particle exposure at the investigated site are analysed along with the corresponding particle size 
distribution. Subsequently, mask filter efficiency is examined in detail and the proposed model 
is discussed with respect to its performance and potential improvements. Thereafter, the study is 
critically reviewed by outlining the corresponding limitations regarding instrumentation, 
experimental design, and case inherent difficulties. Finally, the occupational health and safety 
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implications with respect to the case and the broader realm of nanoparticle exposure are 
discussed. 

Chapter 6: Conclusion and Outlook 
In the last section, the main conclusions of this research project are drawn. Finally, a brief 
outlook is given to indicate further research needs in occupational nanoparticle exposure.  
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2. Nanoparticles and Occupational Health: 
Literature Review 

This chapter introduces the study within the general context of research on nanoparticles and 
their relevance for the realm of occupational health, sustains the rationale behind the delineated 
research question, substantiates the methodological approach, and provides an appropriate basis 
for discussing the major findings. First, the three main routes of potential nanoparticle uptake as 
well as the general associated health risks are outlined ( 2.1). Based on these foundations, 
occupational health issues regarding nanoparticle exposure are briefly reviewed ( 2.2). Thereby, 
potential metrics and corresponding methods for nanoparticle monitoring are outlined and 
possible preliminary protective precautions are presented. 
A range of review studies has recently been published by various health and safety institutions 
and research groups3. Although this chapter cannot provide a complete overview of the research 
in the field, it provides a review of the major issues and findings and outlines a selection of 
important points with respect to the objective of this case study. 

2.1 Health Risks Associated with Nanoparticles  
Nanotechnological developments create the opportunity of changing and enhancing the 
macroscopic characteristics of materials by controlling their properties on the nanometre scale. 
However, nanoparticles with their unique attributes can be accompanied by side effects 
previously not encountered in larger particulates of the same matter.  

This section shall first provide a brief review on potential routes of exposure to illustrate how 
nanoparticles may find easier access to the human body. Subsequently, an introduction to what 
has recently been referred to as ‘nanotoxicology’ (Donaldson, Stone, Tran, Kreyling, & Borm, 
2004) is depicted to exemplify potential health risks associated with novel nanoparticles. 

2.1.1 Routes of Nanoparticle Uptake  
Nanoparticles may enter the human body through three important pathways: (1) inhalation, (2) 
ingestion, and (3) dermal uptake. While the actual exposure may vary considerably between 
manufacturing, consumption, and disposal of a specific product containing nanoparticles, the 
major routes of involuntary uptake remain the same, though with altering relevance. 

2.1.1.1 Inhalative Uptake 
Particulate matter in ambient air is known to penetrate deep into the airways. The major 
proportion of particles below 2.5 µm is commonly assumed to reach even the alveolar region, 
where the actual air exchange takes place (Brüske-Hohlfeld, Peters, & Wichmann, 2005; Hoet, 
Brüske-Hohlfeld, & Salata, 2004)4. Once the particles have reached the alveoli, phagocytosis by 

                                                      
3 While the majority of research reports addresses general health and environmental impacts (DEFRA, 2005; HSE, 
2004; TAB, 2004; The Royal Society & The Royal Academy of Engineering, 2004), an increasing number of reviews 
focus predominantly on occupational health issues (Aitken, Creely, & Tran, 2004; Mark, 2004b; Maynard & 
Kuempel, 2005; Ostiguy et al., 2006; Tran et al., 2005). 
4 According to the International Organization for Standardization (ISO), 4 µm are assumed as the 50% cut-off size for 
respirable aerosols (DIN, 1996, p. 7).  
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alveolar macrophages constitutes the main line of clearance against water-insoluble particles (G. 
Oberdörster, Oberdörster, & Oberdörster, 2005). However, smaller particles below 100 nm were 
found to be removed inefficiently by this mechanism and as a result, the rate of deposition may 
exceed the rate of clearance (Renwick, Donaldson, & Clouter, 2001). The deposited particles 
could then create an overload, start to interact with epithelial cells and finally initiate strong 
inflammatory reactions5.  
As efficient gas exchange in the lungs is vital, the pulmonary boundary to the bloodstream is 
rather thin and permeable. Hence, different types of nanoparticles were found to penetrate this 
fragile barrier (Hoet, Brüske-Hohlfeld, & Salata, 2004; Kreyling et al., 2002; G. Oberdörster, 
Oberdörster, & Oberdörster, 2005). The ease of inhalative uptake depends largely on the 
specific characteristics of the considered particle such as its surface properties (G. Oberdörster, 
Oberdörster, & Oberdörster, 2005)6. An inverse relation between particle size and uptake into 
the cardiovascular system has also been described for certain particles (Kreyling et al., 2002). 
Apart from uptake via the lungs, studies with fullerenes have demonstrated that nanoparticles 
can gain direct access into the central nervous system through the olfactory nerve (E. 
Oberdörster, 2004; G. Oberdörster et al., 2004). Therefore, even the most selective biological 
boundary – the blood-brain barrier – can be circumvented. 

Inhalation has been identified as the most critical pathway for nanoparticle uptake into the body 
(Brüske-Hohlfeld, Peters, & Wichmann, 2005; Hoet, Brüske-Hohlfeld, & Salata, 2004; 
Maynard & Kuempel, 2005; G. Oberdörster, Oberdörster, & Oberdörster, 2005). This is 
particularly important during production and disposal, when nanoparticles may temporarily be 
uncontained. As a result, inhalation protection represents the most critical challenge for 
occupational hygiene practices in the field of nanoparticle production (section  2.2). Although 
only limited evidence can be found for the uptake and translocation of the nanocompound 
investigated in the framework of this study (refer to appendix A.4, confidential), investigation 
of protective measures is vital in order to establish assurance on the adequacy of currently 
available equipment. 

2.1.1.2 Gastrointestinal Uptake 
Any inhalative exposure entails inevitably the possibility of gastrointestinal uptake as particles 
deposited in the respiratory airways may be transported along with the mucus to the throat and 
swallowed. Considerable involuntary ingestion of nanoparticulate material may also occur by 
hand-to-mouth contact.  
Particles in the micrometer size range are known for decades to transfer from the intestines into 
the lymph vessels and the blood circulation (Volkheimer, 1974). Different uptake mechanisms 
have been described such as uptake through the Peyer's patches or through regular enterocytes 
(cf. Hoet, Brüske-Hohlfeld, & Salata, 2004). Once more, there are indications that smaller 
particles of the same composition tend to be resorbed more rapidly and to a larger extent (Jani, 
Halbert, Langridge, & Florence, 1990). Besides particle size, the uptake depends again on 
additional properties such as particle surface charge (Jani, Halbert, Langridge, & Florence, 
1989).  

                                                      
5 The same mechanism is for example observed in quarry workers repeatedly exposed to crystalline silica dust. 
6 There is therefore no general upper size limit for inhalative uptake. However, it was found that particles up to 1.1 
µm diameter can be incorporated (Hoet, Brüske-Hohlfeld, & Salata, 2004). 
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In contrast to inhalation, where particle overload results in lung inflammation, the organs 
associated with ingestion are less likely to be directly affected by nanoparticle exposure; the 
gastrointestinal tract is a more complex milieu than the lungs, where various unspecific 
mechanisms constrain toxic reactions (Hoet, Brüske-Hohlfeld, & Salata, 2004). 

2.1.1.3 Dermal Uptake 
The lungs provide effective air exchange and the function of the intestine is to facilitate efficient 
nutrient uptake. In contrast, the epidermis represents a natural barrier against external impacts. 
Nevertheless, two possible ways of uptake via skin are repeatedly investigated: (1) the passage 
through the stratum corneum, the outer layer of the epidermis, and (2) the uptake through hair 
follicles (cf. Ostiguy et al., 2006). According to Hoet, Brüske-Hohlfeld, & Salata (2004), the 
outlined routes of exposure appear to be less evident. Contradictory studies have been published 
(cf. Menzel, Reinert, Vogt, & Butz, 2004; Pflücker et al., 2001) and the issue has been and is 
still controversially discussed within the scientific community7. As a range of topically applied 
cosmetic products contain titanium dioxide and zinc oxide nanoparticles, a clarification of the 
current uncertainty regarding dermal uptake is particularly pressing.  

2.1.1.4 Translocation within the Body 
The uptake of nanoparticles by the pulmonary tissue, the gastrointestinal tract, and possibly the 
skin gives way to a systemic distribution from the point of entry through the bloodstream and 
the lymphatic system. It has been demonstrated that various nanoparticles are capable of 
reaching different organs such as the spleen, the liver, the bone marrow and the heart (Borm & 
Kreyling, 2004; Hoet, Brüske-Hohlfeld, & Salata, 2004; Nemmar et al., 2001). Translocation 
and potential accumulation of nanoparticles depends predominantly on particle size and surface 
properties. Even highly selective frontiers such as the blood-brain barrier can – depending on 
the properties of the nanoparticles – be transgressed, as research on drug delivery systems 
reveals (Kreuter, 2001). This indicates that nanoparticles have the potential to be ubiquitously 
distributed throughout the human body. 

2.1.2 Toxicological Effects of Nanoparticles 
The potential presence of nanoparticles in various tissues represents unambiguously a hazard 
potential but does not automatically infer a significant health risk. The latter depends on the 
actual effects exerted by the nanoparticle on the biological target. However, as material 
characteristics may change substantially below a certain size range, the exact biological effects 
cannot be derived solely from bulk properties. As subsequently illustrated, not only chemical 
but also physical characteristics – particularly the size – appear to be relevant. As a result, the 
discipline of nanotoxicology as a subcategory of toxicology has been proposed by Donaldson, 
Stone, Tran, Kreyling, & Borm (2004)8. The term refers to the so-called “extra toxicity” (p. 
727) describing the observation that nanoparticles may trigger additional effects, which are not 
initiated by larger, similar particles of the respirable size fraction. 

                                                      
7 NanoConvention, Bern, June 23, 2006 (Workshop 3: Environmental, Health and Safety Aspect). 
8 As for nanotechnology, it is apparent that no clear definition exists for nanotoxicology. As a result, the term was 
extended to “safety evaluation of engineered nanostructures and nanodevices” by G. Oberdörster, Oberdörster, & 
Oberdörster (2005, p. 824). 
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In the first section, general adverse health effects of nanoparticles, partially based on findings 
derived from experience with ultrafine particles (UFP), are outlined. Subsequently, special 
consideration is given to the correlation between particle size and the corresponding extent of 
adverse reactions.    

2.1.2.1 General Adverse Health Effects 
The existing toxicological database for nanoparticles is still limited – this is particularly true 
with respect to long-term effects. It has, therefore, been repeatedly suggested to build on 
epidemiological and pathological experience from UFP. The latter are generally understood as 
airborne particles below 100 nm, which occur naturally (e.g. volcanic emissions) or as a by-
product of anthropogenic activities (e.g. combustion processes) (Maynard & Kuempel, 2005). 
While UFP tend to be chemically complex, polydisperse and usually water-soluble mixtures, 
engineered nanoparticles are normally monodisperse and have a specific build-up; nevertheless, 
the same toxicological principles appear to apply according to a recent publication in the field 
(G. Oberdörster, Oberdörster, & Oberdörster, 2005). 

Potential Acute Effects 
Acute effects can be investigated by in vivo and in vitro studies in the laboratory, as has been 
done for some prominent engineered nanoparticles such as CNT (cf. Lam, James, McCluskey, 
Arepalli, & Hunter, 2006) or titanium dioxide particles  (cf. Long, Saleh, Tilton, Lowry, & 
Veronesi, In press). As described in section  2.1.1.1, several studies indicate severe effects at the 
major site of uptake, i.e. pulmonary inflammation initiated by nanoparticles (Hoet, Brüske-
Hohlfeld, & Salata, 2004; G. Oberdörster, Oberdörster, & Oberdörster, 2005; Zhang et al., 
1998). Increased oxidative stress can derive directly from free radicals on the nanoparticle 
surface; moreover, nanoparticles induce oxidative stress indirectly by causing an invasion of 
defensive cells. Augmented oxidative stress may lead to changes in cell signalling and gene 
expression, which enhances the risk of malignant tumour formation. Additionally, nanoparticles 
are suspected to bind to proteins such as receptors (G. Oberdörster, Oberdörster, & Oberdörster, 
2005). Protein metabolism may thereby increase the particle’s mobility; conversely, 
nanoparticles may induce functional disorders or even the degradation of bonded proteins. It has 
furthermore been proposed that nanoparticle-protein complexes could possibly provoke an 
autoimmune response (Donaldson, Stone, Tran, Kreyling, & Borm, 2004). Finally, synergistic 
effects due to the interaction of different particles in the nanometre range have been documented 
(Stone, Hutchison, Barlow, Donaldson, & Brown, 2004). 

Potential Chronic Effects 
Dust exposures have repeatedly shown to lead to conditions with characteristically long latency 
periods (e.g. asbestosis and silicosis). In contrast to acute toxicity, no data is available for long-
term effects of engineered nanoparticles. However, cell interactions for both UFP and 
engineered nanoparticles are likely to be similar (G. Oberdörster, Oberdörster, & Oberdörster, 
2005). Hence, experience obtained from UFP may be consulted to derive indications for long-
term effects of increased nanoparticle exposure. 
Epidemiological studies have demonstrated generally augmented morbidity and mortality with 
exposure to PM2.5 and PM10 (Maynard & Kuempel, 2005). The most prominent extrapulmonary 
effects postulated from long-term epidemiological experience are cardiovascular diseases (Hoet, 
Brüske-Hohlfeld, & Salata, 2004; G. Oberdörster, Oberdörster, & Oberdörster, 2005). For 
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instance, in vivo studies with hamsters demonstrated the induction of thrombosis (Nemmar, 
Hoylaerts, Hoet, & Nemerya, 2004). Furthermore, nanoparticles can initiate the discharge of 
oxyradicals, which are highly reactive and may induce the development of various tumour types 
such as pulmonary cancer (Borm, 2004; Hoet, Brüske-Hohlfeld, & Salata, 2004; G. 
Oberdörster, Oberdörster, & Oberdörster, 2005). 

The briefly outlined acute and chronic mechanisms are generally conceivable; however, the 
extent of the effects remains particle specific. Moreover, caution should be applied when 
transferring results from laboratory in vitro and in vivo studies to humans: Normally, very high 
doses within short exposure times are investigated and certain adverse reactions may depend on 
a specific type of cells not found in humans. Finally, different studies investigating particular 
nanoparticles often use dissimilar batches constraining potential inter-comparisons (e.g. content 
of heavy metal in CNT).  

2.1.2.2 Size-related Effects 

As has been outlined in section  2.1.1, nanoparticles may penetrate more easily critical biological 
barriers. Besides facilitated uptake, nano-size has been repeatedly associated with significantly 
increased health effects not encountered for larger particles.  

Research provides evidence that size by itself may play an important role for toxicity: For 
instance, experiments by Renwick, Donaldson, & Clouter (2001) illustrate that ultrafine 
titanium dioxide and carbon black have a higher impairment effect on macrophage phagocytosis 
than the equal mass of fine particles. Instillation studies with ultrafine metals induced higher 
pulmonary disorders than equivalent mass-doses of larger particles of the same composition 
(Zhang, Kusaka, & Donaldson, 2000; Zhang et al., 2003). Alternatively, nanoparticles proved to 
foster the production of antibodies independent of particle composition (Granum et al., 2001). 
Different studies demonstrate a better correlation of effects with cumulated surface area than 
with total mass. Exemplary investigations by G. Oberdörster, Oberdörster, & Oberdörster 
(2005) indicate good accordance in percentage of neutrophils in rats if 20 nm versus 250 nm 
titanium dioxide particles are compared on a surface basis; this does not hold if the same 
amounts of mass are compared. Data compiled by Maynard & Kuempel (2005) show a close 
relation of lung tumour incidence in rats and particle surface area dose, which is also 
independent of the analysed particle type (i.e. toner, coal dust, diesel exhaust, titanium dioxide, 
carbon black and talc). 

These and other observations indicate that the “extra toxicity” is – at least partially – related to 
the increased surface to volume ratio of nanoparticles. Thereby, oxidative stress appears to play 
an important role. However, the underlying mechanisms for the illustrated findings are not 
completely understood (Aitken, Creely, & Tran, 2004; Hoet, Brüske-Hohlfeld, & Salata, 2004; 
HSE, 2004). No unique limit for size was identified; therefore, no universal boarder between 
micro- and nano-sized particles can be drawn (Donaldson, Stone, Tran, Kreyling, & Borm, 
2004). There is a range of additional particle characteristics such as surface reactivity, 
crystallinity, solubility or shape, which influence the corresponding toxicity and should not be 
entirely disregarded (Maynard & Kuempel, 2005; G. Oberdörster, Oberdörster, & Oberdörster, 
2005). However, there is only limited information for a few particles; in this study as well, the 
knowledge on the effects associated with the nanocomposite investigated is scarce (refer to 
appendix A.4, confidential).  
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2.2 Nanoparticle Exposure in Occupational Settings 
While epidemiological experience and adapted toxicological methods generate a base of limited 
data for prevailing types and structures of nanoparticles, a systematic connection of the 
observed effect to real exposure has generally not been established (Peter, 2005). This gap 
between the increasingly identified toxicological potentials and the actual dose resulting from 
exposure is particularly critical for occupational settings, where high exposures may be 
expected. As outlined in the introduction, only one study by Maynard et al. (2004) was found, 
which investigated exposure specifically to novel nanostructures combined with a case-specific 
toxicological analysis (Maynard et al., 2004; Shvedova et al., 2003). As a result, hardly any 
experience exists for occupational monitoring in the field of nanoparticle production.  

In the first section, the debate about the appropriateness of the different measuring units is 
outlined along with the corresponding instrumental constraints. Subsequently, the current 
knowledge about existing protection measures is presented.  

2.2.1 Exposure Monitoring 
In quantifying occupational exposures, there are principally two main questions that need to be 
addressed: Which measure is applicable and how can it best be derived with the given 
instrumental possibilities. With respect to nanoparticle exposure, both tasks are subject to a 
recently started debate involving both scientists and concerned regulators. Subsequently, a brief 
review on proposed measures and corresponding instrumentation shall illustrate the status of the 
discussion and provide the foundations for the approach chosen in this case study.  

2.2.1.1 Adequate Measuring Unit 
Occupational threshold levels should primarily prevent adverse health reactions of repeated 
exposure to the same agent9. As a result, an appropriate measure should be based on 
toxicological evidence and permit the definition of a dose limit, which would provide adequate 
protection. Except for the case of fibres, exposures to aerosols are presently measured in terms 
of mass (Deutsche Forschungsgemeinschaft, 2005; NIOSH, 2005; SUVA, 2005). In view of the 
recent findings on potential health effects and their partial association with the particle’s 
physical characteristics (section  2.1.2.2), an adaptation of the current mass-based definitions is 
considered. Reviews specifically evaluating different measurement units presume that bulk 
mass concentration is insufficient for predicting maximal tolerated exposure levels and claim 
that particle number and possibly surface area need to be taken into account (Aitken, Creely, & 
Tran, 2004; Brouwer, Gijsbers, & Lurvink, 2004). A recent study on CNT supports the 
hypothesis that the presently effective limits solely based on bulk properties may be inadequate: 
If mice are exposed to CNT at the currently applicable threshold for graphite, significant acute 
inflammatory reactions, fibrosis, and granulomas can be observed (Lam, James, McCluskey, 
Arepalli, & Hunter, 2006; Shvedova et al., 2005; Tsuji et al., 2006). 

However, no agreement has really been established yet, which dose-metric may be most 
adequate (Brouwer, Gijsbers, & Lurvink, 2004). Particle number or surface area have been 
proposed as better descriptors, but there is not enough evidence yet for a generalisation 

                                                      
9 In Switzerland, the corresponding limits are the MAK values defined by the ‘Schweizerische 
Unfallversicherungsanstalt’ (SUVA). For an exact definition of the MAK value, refer to the glossary (p. 101). 
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(Maynard & Kuempel, 2005). It seems therefore adequate to investigate mass and number 
concentration along with the corresponding size distribution of a particular production site to 
provide further insight into the outlined issue.  

2.2.1.2 Monitoring Instrumentation  
Besides the question of applicable measures, the issue of adequate instrumentation for reliable 
exposure monitoring is addressed. In general, an ideal routine monitoring method needs to be 
appropriate with regard to the definition of the relevant occupational limit, reliable and 
preferably inexpensive. With respect to submicron particle monitoring, a range of methods 
exists and many new were recently developed or improved. Tab. 1 provides a selection of 
currently readily available instruments for different exposure metrics such as mass and number 
concentration as well as surface area. In this case study, the applied aerosol monitoring devices 
included an Optical Dust Monitor for mass concentration, Condensation Particle Counters 
(CPCs) for number concentration and Scanning Mobility Particle Sizers (SMPSs) for the 
particle size distribution. The mode of operation of these instruments is explained in further 
detail in the methodology section  3.2.  

Tab. 1: Selection of instrumentation for nanoparticle exposure analysis (based on Aitken, Creely, & Tran, 
2004; Brouwer, Gijsbers, & Lurvink, 2004; Maynard, 2004). 

Measure Method Main characteristics 
Optical Dust Monitor  Real-time, in situ method 

 No size separation  
 High limit of detection (approximately 100 nm) 
 1 µm currently lowest cut-off diameter  
 Refer to section  3.2.3 for technical description 

Mass concentration 

Gravimetric dust 
detection 

 No real-time method 
 No size separation  
 High limit of detection  

Optical Particle 
Counter (OPC) 

 Purely optical counter 
 No size separation  
 High limit of detection (300 nm) 

Condensation Particle 
Counter (CPC) 

 Real-time, in situ method 
 No size separation  
 Low limit of detection (down to 3 nm)  
 Refer to section  3.2.2 for technical description 

Scanning Mobility 
Particle Sizer (SMPS) 

 Real-time, in situ method 
 Size selective (mobility diameter) 
 Size range ~5 to 1000 nm 
 Refer to section  3.2.1 for technical description 

Number concentration 

Electrical Low Pressure 
Impactor (ELPI) 

 Real-time, in situ method 
 Size selective (aerodynamic diameter) 
 Size range ~7 nm to 10 µm  
 Collection of particle fractions for further analysis  

Brunauer Emmett 
Teller (BET) analysis  

 No real-time method 
 Based on gas adsorption  
 No distinction between ultrafine and larger sizes 
 Large particle samples required 

Surface area 

Epiphaniometer  Based on radioactive tagging 
 
Additionally to the methods outlined in Tab. 1, further established approaches may also be 
applied in conjunction to the aforementioned ones to fully characterise the particles. On the one 
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hand, elemental analysis of samples collected in the field could allow for qualitative and 
quantitative composition specification. In these lines, the investigation of the content of tracer 
elements, such as heavy metals, contained in the particles may be used as a proxy for the actual 
nanoparticle concentration (Maynard et al., 2004). On the other hand, imaging methods 
including Scanning Electron-Microscopy (SEM) and Transmission Electron-Microscopy (TEM) 
provide high-resolution structural information such as size and shape (Brouwer, Gijsbers, & 
Lurvink, 2004). However, both elemental and electron-microscope analysis are complex off-site 
methods requiring extensive sample processing and preparation and therefore not particular 
convenient for routine monitoring.  
 
Common disadvantages of the instrumentation for submicron aerosol measurements include the 
following (Aitken, Creely, & Tran, 2004; Brouwer, Gijsbers, & Lurvink, 2004; Maynard, 2004): 

 Particle differentiation: Aerosol measurement instruments normally do not allow 
discriminating particles with respect to their composition. As a result, the distinction 
between particles from the background and engineered nanoparticles derived from 
production is problematic. Additional complementary analyses may have to be 
considered. 

 Accuracy and reproducibility: For technical reasons, particularly number 
concentration, size-distribution and surface area measurements suffer from limited 
accuracy.  

 Comparability: Regarding particle size, different instruments derive dissimilar 
measures: While systems based on impactors such as the ELPI rely on the aerodynamic 
diameter of the particles, SMPS systems derive the (electrical) mobility diameter. For 
surface area measurements, the derived figure is highly dependant on the technique 
applied (e.g. the molecular size of the adsorption gas), which determines whether 
wrinkles and pores are taken into account or agglomerates can be resolved. Due to the 
lack of a common standard, measurements derived by different methods may not be 
comparable. 

 Personal monitoring: Personal sampling devices are traditionally mass-based. None of 
the currently available methods for number concentration and surface area is applicable 
for direct personal exposure monitoring in workplaces. The majority of the instruments 
are large, cumbersome, and therefore designed principally for static measurements. 

 Expense and operation: While mass concentration measurements are conventional due 
to the current regulatory context, number and size measurements are more intricate for 
technical reasons10, expensive and not established yet.  

 
Nevertheless, the listed methods (Tab. 1) represent the current state-of-the-art and have the 
potential to be improved with respect to their limiting aspects. Further investigation of the 
applicability of non-mass based instruments is indicated. In this study, three methods were 
combined in an optimal way to allow further insight into potential strategies and instrumental 
needs for reliable exposure assessments in the domain of nanoparticle production.  

                                                      
10 Refer to chapter  3.2 for further explanation on the underlying modes of operation.  
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2.2.2 Protective Measures 
Once a hazard has been identified (inherent toxic potential) and a risk assessment (exposure and 
related dose in the workplace) has been completed, measures of adequate risk prevention or 
control need to be examined more closely. Thereby, occupational hygienists normally 
distinguish three principal approaches (in priority of listing): (1) technical measures, (2) 
organisational measures, and (3) personal protection measures (cf. Ostiguy et al., 2006). Each 
type of control is optimized with respect to the potential exposure routes. However, particular 
attention ought to be drawn to inhalative exposure, the most critical route of nanoparticle uptake 
(refer to section  2.1.1.1). 

In this section, a brief introduction to the current appraisal of available protective measures is 
given. Thereafter, filter efficiency with respect to nanoparticles is examined to provide the 
essential foundations for the experimental part of this study.  

2.2.2.1 State of Knowledge and Preliminary Suggestions 
Major reviews conclude that no significant research investigating potential control measures 
with respect to nanoparticle exposure has been accomplished so far (Aitken, Creely, & Tran, 
2004; Maynard & Kuempel, 2005; Ostiguy et al., 2006). As occupational standards are defined 
in terms of mass, established controls are traditionally optimized to this respect (Maynard & 
Kuempel, 2005). In the meantime, due to the outlined hazard potential of certain nanoparticles, 
the same authors suggest taking all available precautionary measures to mitigate the potential 
risks in the workplace. Various authors propose that nanoparticles – with respect to control 
measures – may be treated in the same way as hazardous gases rather than as airborne 
particulates (Aitken, Creely, & Tran, 2004; Mark, 2004a; Ostiguy et al., 2006). 

Consequently, similar technical measures as those applied for gases may also be adopted in the 
field of nanoparticle controls. Notably, these may include proper containment of potential 
sources, practicable substitution of hazardous materials and procedures, isolation of tasks 
generating high exposures, adequate ventilation systems and fume hoods, as well as air filtration 
and recirculation systems (Aitken, Creely, & Tran, 2004; Ostiguy et al., 2006).  

As for engineering controls, administrative measures similar to other occupational settings have 
been proposed in a secondary step. Organisational measures include the reduction of the number 
of exposed workers and the corresponding time of exposure, modification of practices, 
appropriate training (e.g. workers’ habits such as personal hygiene), proper maintenance of the 
production facility, and regular cleaning of surfaces to remove residual particles. Furthermore, 
the implementation of safety rules and procedures (e.g. in the case of a spill) have been 
suggested (Aitken, Creely, & Tran, 2004; Ostiguy et al., 2006).  

The last line of approach is direct personal protection. Again, little is known about the adequacy 
of currently existing methods especially for dermal protection and ingestion prevention. For 
instance, no information exists on penetration through protective clothing such as gloves and 
overalls (Aitken, Creely, & Tran, 2004; Mark, 2004a; Ostiguy et al., 2006). Conversely, limited 
efforts to expand the current knowledge concerning respiratory protection have been identified 
(see below).  

The adequacy and effectiveness of the outlined measures largely depend on the behaviour of the 
nanoparticles under consideration such as their tendency to form agglomerates. Nevertheless, 
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Maynard & Kuempel (2005) conclude that theory and limited data indicate that conventional 
controls such as ventilation, filters, and containments may be sufficient. 

2.2.2.2 Filter Efficiency for Nanoparticles 
Filtration as a potential control mechanism is relevant for three reasons: (1) for purification 
purposes in ventilation systems, (2) in respirators and (3) in vacuum cleaning systems. This 
section shall provide a brief introduction on the basic filtration mechanism and pave the way for 
further investigation in the framework of this study.  

Filter performance depends largely on the particle size distribution. This is a direct consequence 
of the underlying interaction between the particles and filter material11: While large particles are 
held back due to impaction and interception on the fibrous material, very small particles cannot 
traverse the filter due to high Brownian motion (Fig. 1). As soon as a particle strikes the surface 
of a fibre, Van der Waals forces retain the particle. The outlined changes in the retention 
mechanism lead to a size range of minimal filter efficiency commonly referred to as the Most 
Penetrating Particle Size (MPPS). Furthermore, studies suggest that efficiency may drop again 
at 2 nm due to thermal rebound (Aitken, Creely, & Tran, 2004; Mark, 2004a). The latter 
mechanism was not confirmed to be relevant for particles larger than 2.5 nm in a recent 
experimental study by Heim, Mullins, Wild, Meyer, & Kasper (2005).  
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Fig. 1: Schematic size dependency of filter efficiency and underlying mechanisms (adapted from Hinds, 1982, 
p. 180).  

Under laboratory conditions, filter efficiency is normally investigated at the MPPS, which is 
commonly assumed in the range of 100 to 300 nm depending on the type of filter, flow rate and 
manufacturer (Mark, 2004a; Maynard & Kuempel, 2005; Qian, Willekea, Grinshpun, Donnelly, 
& Coffey, 1998; Stevens & Moyer, 1989). This applies also with respect to the corresponding 

                                                      
11 Filtration theories are described in detail in Brown, 1993. 
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filter standards: According to the European standards, filter efficiency needs to be tested with 
sodium chloride aerosols specified with a mass median diameter close to 300 nm (Aitken, 
Creely, & Tran, 2004; Balazy et al., 2006). In accordance with the US MIL-STD 282, minimum 
High Efficiency Particulate Air (HEPA) requirements are defined as 99.97% efficiency with 
Di(2-ethylhexyl)phthalate (DOP) aerosols of 0.3 µm (mass-based mean particle diameter) and a 
flow rate of 5.1 m3/h (Wang & Winters, 2005). 

Despite general knowledge on filtration, authors of a major review published in 2004 have 
identified only limited work quantifying filter efficiency specifically with respect to 
nanoparticles (Aitken, Creely, & Tran, 2004; Mark, 2004a). Only a limited number of additional 
studies investigating the issue in the last two years could be found (Balazy et al., 2006; Gardner, 
Richardson, & Rengasamy, 2005; Heim, Mullins, Wild, Meyer, & Kasper, 2005; Paszkiewicz & 
Möhlmann, 2005). Nevertheless, it is currently expected that filter efficiencies of commercially 
available filters are high (cf. Ostiguy et al., 2006). 
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3. Methodology 
As illustrated in the previous chapters, materials and methods applied in the investigation of 
nanoparticle exposure are of particular interest and importance. A sound comprehension of the 
methodology employed in this study is therefore highly relevant and a crucial prerequisite for 
adequate result interpretation. 

In the first part of this chapter, the industrial production site analysed in this study is briefly 
described ( 3.1). Thereafter, the methods and approaches used in the field are outlined: First, a 
short introduction into the applied instrumentation is given ( 3.2). This shall support a better 
understanding of the chosen experimental design ( 3.3) and establish a well-founded basis for the 
subsequently outlined data analysis ( 3.4). The final part of the methodology chapter is 
predominately dedicated to the introduction of the indoor model applied in this study ( 3.5). 

3.1 Investigated Production Site 
The field measurements were carried out at HeiQ Materials Ltd., a spin-off company from the 
ETH Zurich founded in 2005. The company’s research and operation activities are focused on 
the production of nanocomposites, which are further described in appendix A.4 (confidential).  

In this section, the investigated pilot plant for manufacturing the nanocomposites is outlined in 
terms of technique employed and procedural process. This shall contribute to a better 
understanding of the industrial environment analysed in this study.  

3.1.1 Production Method 
According to Aitken, Creely, & Tran (2004), commercial production methods of nanoparticles 
can be divided into four different categories including mechanical processes (grinding), 
colloidal or liquid phase methods (chemical reactions in liquids), vapour deposition synthesis 
and gas phase processes. The final production method is based on uniform nucleation of a 
supersaturated vapour phase followed by particle growth through condensation, coagulation, 
and capture. One type of high-temperature gas phase process is the method applied by HeiQ 
Materials Ltd. Gas phase processes are comparatively inexpensive and commonly used in the 
production of large volumes of carbon black, fumed silica and ultrafine TiO2 (Aitken, Creely, & 
Tran, 2004; Kruis, Fissan, & Peled, 1998). However, a typical problem of gas phase production 
processes is particle agglomeration (Kruis, Fissan, & Peled, 1998).  

The basic schematic of the production process is depicted in Fig. 2: The particles are generated 
inside the four reactors forming the production unit. At the top of the production unit, filtered 
air is introduced into the system, which propels the nanocomposite particles to a so-called 
baghouse filter unit, where they are collected. Regular air-pressure pulsations allow the target 
material to fall off and accumulate in a receiving unit; the exhaust air is purified by a HEPA 
filter and released to the environment. The product is then transferred to a sieving and vibration 
installation, where the material is sieved and compacted via shaking. Finally, the powder is 
delivered to a collection container. 
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The complete pilot plant is divided into four separate functional units, which can be controlled 
independently from each other (Fig. 2):  

1. Gas phase production unit 
2. Ventilation system unit 
3. Filter & collection unit 
4. Vibration & sieve unit 
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Fig. 2: Schematic of the production process. In the investigated pilot plant, the production unit is divided into 
four separate reactors allowing for a continuous scale-up. 

3.1.2 Production Outline 
3.1.2.1 General Course of Production  
Before the actual production process is started, the operator is required to unclench the doors of 
the reactors in order to clear residues inside by vacuum cleaning12. Once the reactors are locked, 
the ventilation system and the production unit are started simultaneously. A few minutes later, 
the baghouse filter system is started by initializing pressurized air pulses. In order to allow 
material from previous production to settle, the vibration & sieve unit is switched on before the 
actual production process has started. Once the whole system is operating, the process continues 
for approximately 90 min before being interrupted. This stop is required for cooling down the 
reactors and cleaning the inside once more. Subsequently, the system is re-started for additional 
runs of comparable lengths. At the end of production, the reactors, the pressurized air as well as 

                                                      
12 The vacuum cleaner (Model NT72/2 Eco Tc, Alfred Kärcher GmbH & Co.KG, Winnenden, Germany) was 
equipped with a filter of the German “Staubklasse M” applicable for dusts with a MAK (‘Maximale Arbeitsplatz-
Konzentration’, = maximal workplace concentration) value ≥ 0.1 mg/m3. 
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the ventilation system are halted while the vibration & sieve unit continues to run until the 
operators leave the production site. The collection container is finally disconnected from the 
system and weighted for calculating the corresponding daily yield.  

The outlined production process is deemed as a typical average procedure. Note that the system 
analysed in this study is a pilot plant. As a result, installations are modified and the mode of 
operation is sometimes varied according to the production engineer’s needs. Furthermore, the 
operation of a pilot plant entails supplementary monitoring and maintenance activities in the 
framework of process optimization13. 

3.1.2.2 Handling, Cleaning and Maintenance Procedures 
The plant is normally handled by two operators. While the first worker is in charge of operating 
the production unit and monitoring the overall process – in particular the reactors – the second 
operator is involved in various preparatory and assistant work.  

Tab. 2: Cleaning and maintenance activities14. 

Operation Frequency Applied Equipment Worker 
Reactor cleaning 
 

Before each run Vacuum cleaner Plant operator 1 

Cleaning of the floor  
 

Once a week Manual wet sweeping Contract cleaners 

Maintenance of production unit Approximately once 
in two months 

Vacuum cleaner, ethanol 
swaps etc. 

Plant operator 1 and 2 

Cleaning of filter unit and 
removal of clusters in the transfer 
tubing and reactors 

If product is changed 
 

Vacuum cleaner 
 

Plant operator 1 and 2 

Cleaning of filter for input and 
output air 

Approximately once 
in two years 

Vacuum cleaner  Plant operator 1 and 2 

 
Apart from (dis)connecting the end container and taking quality samples, there is generally no 
open handling of powder during a normal production course15. However, there is a range of 
essential cleaning and maintenance procedures performed on regular basis, which may 
potentially lead to direct powder exposures (Tab. 2). 
Additionally to planned production and maintenance procedures, there were unforeseen 
incidents such as the replacement of worn seals, cleaning of blocked filters or repair work on 
diverse mechanical parts. These activities may lead to additional particle exposures unaccounted 
for by the analyses of the normal production course.  

3.1.3 Personal Protective Measures 
All operators were provided with protective masks of high standards (see Tab. 4, p. 34). 
Furthermore, overalls and nitrile gloves were used to sustain dermal protection. Finally, goggles 
were employed to minimize chemical and mechanical impacts on the eyes.  

                                                      
13 These variations and changes were carefully logged throughout the measurements (refer to section  3.3.1.3). 
14 P. Savi, HeiQ Materials Ltd., personal communication, June 26, 2006. 
15 Note that due to optimization, the vibration & sieve unit was separated from the filtration unit for some production 
days necessitating the (open) transfer of powder. According to the developers, this process was subject to changes 
and a solution for contained handling in planning.  
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3.1.4 Production Surroundings 
HeiQ’s manufacturing site is subdivided into the actual production area hosting the pilot plant 
and an office and storage room (refer to Fig. 10, p. 30). The site is located within a large hall 
and separated by moveable walls from adjacent rooms. The hall hosts numerous other research 
and production facilities. As most sites are not completely enclosed from the top, there were 
several potential additional sources of particles within the hall (Fig. 3). The entire hall is 
ventilated by a common, decentralised airing system with numerous skylights and six powerful 
ventilators (storm ventilation). While the former are opened and closed according to a 
thermostat, the latter were hardly ever operating during the measurement period.  
 

Metal cutting machines
(metal particles)

Actuation and magnetic 
bearing technology 

(metal particles)

Textile fibres 
(organic fibres)

Laboratory for solid body
physics (metal particles and 

oil aerosols )

HeiQ

Gate  
Fig. 3: Indoor background particle sources. 

 

3.2 Instrumentation 
In this section, the instrumentation applied in the case study is delineated by giving a brief 
overview on the type and functional principles of the devices used for determining particle 
number and mass concentrations, particle size distributions, as well as air velocity, temperature, 
and relative humidity16. All instruments were operated according to the manuals17, guidelines, 
and best knowledge available. Important specifications such as measurement ranges, calibration, 
and accuracy are outlined in appendix A.1.  

Each of the subsequent measurement devices performed continuous, real-time measurements in 
situ, which made additional sample processing redundant. To tie in with the discussion raised in 
section  2.2.1.2, none of the following apparatus have been explicitly designed for direct 
personal sampling of the concentrations within the breathing zone. 

3.2.1 Scanning Mobility Particle Sizer 
In order to gain insight into particle size distributions below 1 µm, a Scanning Mobility Particle 
Sizer (SMPS) configured with an Electrostatic Classifier (EC) and a Condensation Particle 

                                                      
16 For a profound theoretical background on the mode of operation, refer to detailed literature such as Baron & 
Willeke (2001) and Bruun (1995). 
17 Refer to the TSI manuals listed in the bibliography. 
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Counter (CPC) was employed. While the first unit allows discriminating different particle size 
fractions, the latter determines the corresponding particle numbers.  

3.2.1.1 Mode of Operation 
A schematic of the SMPS type used in this study (model 3934, TSI Inc., Shoreview MN, United 
States) is outlined in Fig. 4. With this particular system, particle size distributions in the range 
of 7 to 1000 nm can be derived.  
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Fig. 4: Principle of Scanning Mobility Particle Sizer. An impactor after the sample inlet removes aerosols 
smaller or larger than a specific aerodynamic size. The particles then traverse a bipolar charger before being 
scanned according to their electrical mobility. Finally, a Condensation Particle Counter determines the 
number of particles of the corresponding mobility fraction.  

Electrostatic Classifier: In principle, the EC applied in this study (model 3071, TSI Inc.) 
consists of a Differential Mobility Analyzer (DMA) and a bipolar charger (model 3081 and 
3077, respectively, TSI Inc.). The separation of size fractions is based on the electrical mobility 
of the particles, i.e. the ratio of the constant limiting velocity of a charged aerosol to the 
magnitude of the corresponding accelerating electric field. The electrical mobility, Zp, depends 
on the particle diameter and electric charge: 

 
p

p d
neCZ
πη3

=  ( 3.1) 

 where  Zp … Electrical mobility [C·cm·N-1·s-1] 
  n ... Number of elementary charges on the particle [-] 
 e ... Elementary charge [C] 
 C ... Cunningham slip correction [-] 
 η ... Gas viscosity [10-5·N·s·cm-2] 
 dp ... Particle diameter [cm] 
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In order to infer particle sizes from electrical mobility, the polydisperse aerosol must first attain 
a known equilibrium charge distribution by traversing the bipolar charger. This is accomplished 
with a radioactive source (krypton-85), which ionizes the surrounding atmosphere into 
positively and negatively charged ions. Highly charged aerosols entering this atmosphere 
capture ions of opposite polarity and thereby rapidly gain equilibrium charge dependent on their 
diameter. In the adjacent DMA, two concentric cylinders create an electric field, which exerts a 
force on charged particles: The majority of the aerosols entering the DMA impact on the 
cylinders and are removed by the excess airflow. Only a small proportion with a defined 
electrical mobility exits the given system through a small slit. As a result, only the size fraction 
of interest (monodisperse aerosol) leaves the analyser and is transferred to the second main unit, 
the CPC. As the entire size range of the SMPS cannot be measured simultaneously, a sequential 
scan of the electrical mobility range has to be performed by changing the electric field in the 
DMA (Flagan, 2001; TSI, 1998b; TSI, 2002).  
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Fig. 5: Principle of Condensation Particle Counter. Particles enter the heated saturator containing gaseous 
butanol and subsequently traverse the condensator, where larger droplets emerge. The latter can finally be 
detected optically. 

Condensation Particle Counter: In the CPC (model 3022A, TSI Inc.), the corresponding 
concentration of particles is determined (Fig. 5). As nanoparticles are too small to be directly 
detected by optical counters, they have first to be grown to a measurable size: In a heated 
saturator, n-butanol is vaporised and injected into the aerosol sample stream, which then passes 
into a cooled condenser. Butanol becomes supersaturated and condenses onto the surface of the 
aerosols, which serve as condensation nuclei. As a result, the droplets expand rapidly to a 
detectable size of typically 2 to 3 µm and can be counted in a light scattering chamber by a 
photodetector. The smallest particle size detectable by a CPC system depends on the degree of 
supersaturation (i.e. the saturation ratio) of the condensing vapour at a given temperature and is 
limited to 7 nm for the 3022A model (Cheng, 2001; TSI, 1998a).  
For concentrations below 104 p/cm3 (i.e. number of particles per cm3), the photodetector counts 
each droplet separately (single-count mode); errors due to particle coincidence are automatically 
accounted for by the corresponding statistics. For concentration ranges above 104 p/cm3, it is 
likely that more than one particle occupies simultaneously the sensing zone. In this case the 
light scattered by all particles in the sensing volume is detected (photometric mode) and 
coincidence is corrected by comparison to light scattering of calibrated concentration levels18. 
                                                      
18 In the photometric mode, the CPC 3022A sends count data to the computer on a lower rate, which increases the 
granularity of the data for high concentrations (TSI, 1996). 



 
Occupational Exposure to Nanocompounds                                                                                                Philippe Peter 

 

 23

Because of these counting modes, accuracy of readings is limited to ±20% at the higher 
concentration range. For the lower concentration end, statistical errors permit an accuracy of 
±10% (TSI, 1998a). 

SMPS software and microcomputer: Measurements of the SMPS system are coordinated by a 
custom software program (Scanning Mobility Particle Sizer Version 2.4, TSI Inc.). The SMPS 
program initiates sampling, records particle counts, calculates the size distributions, displays the 
measurements, generates data tables, and computes various statistical key indicators. 
Furthermore, the program provides the possibility of applying a correction to account for 
multiple charged particles (refer to the following section). 

3.2.1.2 Principal Instrumental Settings 
There is an array of settings influencing raw data collection, processing and/or viewing. The key 
parameters – the measured size range boundaries – mainly depend on the selected flow rates, the 
scan time settings, and the applied impactor. It is generally not possible to sample the complete 
size range with a single instrumental configuration. The most important controls are briefly 
summarized below, which allowed sampling a size range of 5.62 to 245 nm and 18.4 to 964 nm 
at high and low DMA flow rates, respectively. Note that all settings influencing the gathering of 
raw data were recorded thoroughly using a detailed logging sheet for each measurement (refer 
to section  3.3.1.3). Furthermore, the key settings of all instruments are summarized in appendix 
A.1.  

Impactor: As outlined in Fig. 4, an impactor is normally used in front of the classifier in order 
to remove particles larger than a known cut-off particle diameter. In the ideal case, the cut-off 
particle diameter should match the upper boundary of the valid size range (TSI, 1996). 
Unfortunately, the instrument used in this study did not dispose of an impactor. This fosters the 
problem of residues remaining in the DMA-unit, which may lead to electric arcs unless 
maintenance frequency is increased19. 

Scan times: As outlined above, a sequential scan of the selected size range has to be performed 
in order to collect the data needed for computing the desired size distribution. Low scan times 
would be preferable in order to increase the time resolution of distribution measurements within 
a given sampling period. However, short scans decrease the accuracy of measurements20. 
Furthermore, the measurable size range of the distribution is narrowed if scan times are reduced. 
In order to enhance particle size accuracy as well as maximize the measurable range, the 
minimal recommended scan times of 60 and 30s for the up- and down-scan times, respectively, 
were adjusted to 120 and 60s throughout all measurements. 

Down scan first: Normally, each size range is first scanned from small to large particles (up-
scan) and then read back to the lower size boundary again (down-scan). Increased particle 
counts in the lower size range can therefore partially be due to the artefact that the CPC might 
still be counting residual particles from the previous down scan. If the command “down scan 
first” is activated, a scan from the large to the small size range is initiated to account for 
potential EC delays at low voltages. However, data from this initial down scan is discarded. In 

                                                      
19 O. Bischof, TSI Inc., personal communication, May 8, 2006. 
20 This is a consequence of smearing effects (due to the response time of the CPC), of increased reliance on the exact 
value of the delay times (see below) and of augmentation in granularity of the data (TSI, 1996). 
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order to achieve continuous, fast data collection without additional delays, this option was not 
applied and the artefact is reduced by higher down scan times (see above). 

Flow rates: As the flow rates influence the measurable size range, two different DMA flow rate 
sets were employed with the purpose of acquiring data at different size ranges: The sheath and 
aerosol flow rates (refer to Fig. 4) were set to 15 and 1.5 l/min (lower size range) as well as to 
2.0 and 0.2 l/min (higher size range), respectively, which complies with the ratio of 10:1 
required by the manufacturer.  
The CPC 3022A can be operated in the low and the high flow mode. The high flow mode 
allows reducing losses due to diffusion processes. However, in line with the manual, the CPC 
was set to the low flow mode for the SMPS configuration.  

Charge correction: The software calculates the distribution based on the assumption that each 
particle carries only a single elementary charge after having left the bipolar charger. Conversely, 
with increasing particle size, multiple charges become more probable21. Accordingly, the 
application of a charge correction has a significant effect predominately at particle sizes above 
100 nm. Since the algorithm for the software version 2.4 (1995) was inappropriate, the given 
charge correction was not applied throughout the study22. 

Delay time: The delay time, td, describes the time lag between particle separation in the DMA 
and the detection of the corresponding fraction in the CPC. Accordingly, td values depend on the 
system’s flow rate and the length of tubing in between the two units. For the purpose of this 
study, correct td calibration during instrumental setup was assumed23.  

View setup: The software is equipped with different possibilities to display the results: Besides 
weighting by number, results can also be depicted by surface area or volume assuming that the 
particles are spherical. Within the number option, measurements can be displayed as 
uncorrected raw data, as normalized concentration for comparisons to other instruments24, as 
concentration within a particle size bin as well as in logarithmical, percentage or cumulative 
modes25. 

3.2.1.3 Supplementary System for Quality Control 

Due to inherent instrumental uncertainties (refer to section  4.1.2), an additional SMPS (model 
3936, TSI Inc.) was acquired in order to assure proper functioning by parallel measurements. 
This instrument was configured with a CPC (model 3775, TSI Inc.) and an EC (model 3080, 
TSI Inc.) consisting again of a DMA and a bipolar charger (model 3081 and 3077, TSI Inc.). 
                                                      
21 Size depending equilibrium charge distributions have been investigated by several authors (cf. Flagan, 2001). The 
charge distribution used for the SMPS 3934 system is based on the model of Wiedensohler and is an approximation 
of the Fuchs diffusion theory (TSI, 1996; Wiedensohler, 1988). 
22 According to the manufacturer, the algorithm has proved to be inappropriate for many aerosols and should not be 
used if no impactor is in place (J. Reith, TSI Inc., personal communication, April 20, 2006 and O. Bischof, TSI Inc., 
personal communication, May 8, 2006). The latter ensures that particles larger than the measured size range, which 
cannot be accounted for by the charge correction, are removed. 
23 The software provides a calculation mode, however, the instrument manufacturer advises not to apply it anymore 
due to high dependence on the actual ambient aerosols (O. Bischof, TSI Inc., personal communication, May 8, 2006). 
Instead, it is suggested to use a calculation taking into account all relevant factors (Bischof & Erickson, 2002). 
24 The normalization is to one decade of particle size. This allows size-distributions comparisons regardless of the 
channel resolution. 
25 Note that settings from the view setup do not affect the stored raw data; however, these settings have an influence 
on the displayed result and the corresponding statistics tables. 
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Essentially, the new system 3936 operates according to the same principles as the model 3934. 
The major difference of the model 3936 is the circulation of the sheath and excess air in a closed 
cycle (refer to Fig. 4). The CPC 3775 is comparable with the depicted model 3022A as the same 
working liquid (n-butanol) and identical counting modes are applied; the only major difference 
is the lower cut-off point of 4 instead of 7 nm (TSI, 1998b; TSI, 2005b; TSI, 2005c; TSI, 
2006b).    

The main improvements of the newer system include the possibility of faster scanning times, 
higher data resolution, and the use of improved software for data processing (Aerosol 
Instrument Manager® Software for CPC and EAD, TSI Inc.). Where applicable, the same 
instrumental settings were chosen for both SMPS systems in order to facilitate comparison (TSI, 
2005a)26. 

3.2.2 Portable Condensation Particle Counter 
Additionally to the SMPS systems, a handheld CPC (model 3007, TSI Inc.) was employed to 
measure number concentration of particles in the range of 10 nm to >1 µm. This additional 
counter was essential due to three reasons. Firstly, the CPC 3007 – combined with the CPC 
3022A from the SMPS system – allowed taking simultaneous measurements at different 
locations and thereby providing important information on spatial and temporal dynamics. 
Secondly, two particle-counting devices were required to carry out mask filter testing (see 
section  3.2.5). Finally, due to its mobility, the portable CPC enabled us to do measurements 
much closer to potential particle emission sources than the unwieldy SMPS system. 
Accordingly, the CPC 3007 has been repeatedly applied with success in other field and 
laboratory studies for screening purposes (Brouwer, Gijsbers, & Lurvink, 2004; Maynard et al., 
2004; Mönkkonen et al., 2004). However, the requirement of not tilting the instrument during 
its application as well as its size render it difficult to use the portable CPC model as personal 
monitoring device. 

3.2.2.1 Mode of Operation 
The model 3007 uses the same operating principle as its large-sized counterpart 3022A with 
isopropyl alcohol instead of n-butanol. As the 3007 model uses a single-count mode for the 
whole concentration range, coincidence corrections have to be applied above the upper limit of 
105 p/cm3 in order to get accurate counts up to a maximum of 5.0·105 p/cm3 (TSI, 2004). After 
this, pressure must be regulated or a dilutor should be connected (Fig. 6). 

3.2.2.2 Principal Instrumental Settings 
All measurements were carried out continuously with a logging interval of 1 s. Collected data 
was processed using the Aerosol Instrument Manager® Software for CPC and EAD (TSI, 
2005a). In contrast to the CPC 3022A model, a daily zero check verifying normal operation of 
the instrument is necessary prior to measurements (TSI, 2004). As aforementioned, the detailed 
settings such as inlet orientation or maintenance were recorded on the logging sheets. The 
instrument was new and calibrated by the manufacturer prior to the measurements. 

                                                      
26 Note that with this system impactors were used. For the detailed instrumental settings, refer to the logging sheets 
and appendix A.1.  
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Fig. 6: Particle concentration determined by the 
CPC model 3007 versus true counts derived by 
an electrometer (diagram taken from Hämeri, 
Koponen, Aalto, & Kulmala, 2002, p. 1467).  

3.2.3 Optical Dust Monitor 
In order to evaluate the appropriateness of mass concentration as an exposure measure (refer to 
 1.2.1), a size-discriminating aerosol monitor (model 8520, TSI Inc.) was applied. This 
instrument allows determining total mass concentration of liquid or solid particles below a given 
size. Since larger particles are likely to dominate mass measurements, the comparison of mass 
concentrations to simultaneously derived particle number measurements enabled further insight 
into size-depending dynamics. However, due to its size and weight the dust monitor is again not 
suitable for direct personal exposure monitoring. 

3.2.3.1 Mode of Operation 
The operating mode is based on a laser photometer (90° light scattering)27. This optical 
instrument yields results correlating well with instruments solely based on impaction (Liu, 
Slaughter, & Larson, 2002). The model 8520 is supplied with three different inlet nozzles 
permitting cut-off points at 1.0, 2.5 or 10 µm respectively. Furthermore, a cyclonic separation 
device permits the determination of the respirable size fraction from a volume-controlled air 
flow (TSI, 2005e).  

3.2.3.2 Principal Instrumental Settings 
In this study, the cut-off point of 1.0 µm (PM1.0) was used throughout all measurements. This 
allowed sampling the same size fraction as measured by the portable CPC and therefore 
permitted direct comparison of simultaneously derived mass and number concentrations28. For 
all continuous measurements, the time constant as well as the logging interval was set to 1 s. 
Before every measurement day, a zero check was required. Furthermore, the instrumental flow 
rate was necessary to be revised periodically in order to assure a value of 1.7 l/min. The 
impactor plate at the inlet needed cleaning depending on the particle load at the sampling 
location. The recorded data was imported using custom software (TrakPro Version 3.41, TSI 

                                                      
27 For details on light scattering based measurements see e.g. Rader & O'Hern (2001). 
28 The model 8520 has a lower size boundary of 100 nm whereas the model 3007 detects 50% of the particles with a 
size of 10 nm (refer to appendix A.1). However, total mass concentration below 1.0 µm is dominated by the larger 
size fraction and is therefore – dependant on the given size distribution – normally not sensitive to the lower 
detectable size limit.  
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Inc.). Once more, all detailed settings for specific measurements can be derived from the 
logging sheets. Similar to the CPC 3007, this instrument was new and calibrated by the 
manufacturer.  

3.2.4 Anemometers 
For further physical characterisation of the production site, two different types of instruments 
using anemometry were employed: one VelociCalc Plus (model 8386A, TSI Inc.) and two Air 
Velocity Transducers (model 8450, TSI Inc.). The latter measure solely air velocity (TSI, 1988), 
while the model 8386A additionally quantifies temperature, relative humidity and differential 
pressure (TSI, 2005d). These characteristics were essential in order to characterize and identify 
important factors influencing the concentration and distribution of the particles in the 
workplace. 

3.2.4.1 Mode of Operation 
Different types of anemometric measuring principles exist29. The models 8386A and 8450 
determine air velocity by thermal anemometry. An electronic circuit maintains a hot wire at a 
constant temperature independent of the changing air velocity. Accordingly, the required 
electrical current correlates with the air flow through the exposed sensor. As air temperature 
influences the cooling of the wire, the results are adjusted in order to generate correct velocity 
measurements for an ambient temperature range from 0 to 60°C.  

 
 

 
Fig. 7: Unidirectional sensor orifice of the anemometer30. 

3.2.4.2 Principal Instrumental Settings 
The smallest logging intervals of 2 s and 1 s for the model 8386A and 8450, respectively, were 
chosen. The sensors of the instruments are not omnidirectional (Fig. 7). Accordingly, performed 
pre-tests revealed a high dependency on the orifices’ alignments. To confine this problem, the 
two transducers were normally positioned in right angles to each other.  

Whereas the transducers were applied for determining general turbulence levels as well as flow 
rates in specific locations, the model 8386A was normally located near the particle counter. 
Data was acquired from the instruments by using LogDat – TSI Data Downloader Version 2.13 
(TSI, Inc.) for the model 8386A and Onset HOBOware® Version 2.1.1_18 (Onset Computer 
Corporation, Bourne MA, United States) for the model 8450. The detailed settings such as the 
sensor alignments and instrumental positions in each sample can be obtained from the logging 
sheets. The transducers were calibrated by the manufacturer before the measurements; the 
model 8386A was calibrated after field data collection and results were corrected accordingly. 

3.2.5 Instrumentation for Mask Filter Evaluation 
Mask efficiencies with respect to various airborne inert particles have been investigated in 
laboratories as well as under different workplace conditions. While laboratory studies often use 
enclosed manikins exposed to a specified aerosol, field studies also involve human subjects in 
                                                      
29 Refer e.g. to Bruun (1995). 
30 Photograph taken during the measurements.  
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real working conditions by using in-facepiece sampling techniques (Bidwell & Janssen, 2004; 
Lee et al., 2005)31. In addition to common sampling in laboratories and working fields, 
modelling techniques such as Monte Carlo simulations are used to verify assigned protection 
factors of respirators (Nelson, Jayjock, & Colton, 2000). Whereas some studies investigate 
complete respirator efficiencies including mask fitting, others focus solely on filtration 
efficiency (Qian, Willekea, Grinshpun, Donnelly, & Coffey, 1998).  

While filter performance data for different working environments exists, the number of studies 
with respect to natural and engineered nanoparticles is still limited; relevant research in this 
field has not been identified in major occupational reviews. Performance studies focusing on 
number concentrations are scarce as filter standards are traditionally defined in terms of mass 
efficiency. Nevertheless, it is currently expected that filtration efficiencies of commercially 
available filters are high (refer to  2.2.2.2).  

In light of the current data availability, expanding knowledge on filtration efficiency is of 
increasing interest to both manufacturers and research groups, and was therefore an integrated 
part of the field study. To this end, a specially designed testing chamber was developed 
permitting the sampling of filters at the workplace. 

3.2.5.1 Measurement Equipment  

M
Rotameter

Manometer

Filter 
Mount Modulating

Valve

Vacuum
Pump

CPC 3022A

CPC 3007

 

Fig. 8: Schematic of filter efficiency testing. 

A schematic of the setup is provided in Fig. 8. The air was drawn through the filter testing 
chamber by a vacuum pump (model EMA 63-11 F115-2, Euromotori, Macherio, Italy). The 
latter was assembled with a modulating valve to adjust the airflow. In front of the construction, 
a rotameter (i.e. a flowmeter applying a floating cone) was installed for controlling the ambient 

                                                      
31 Special setups are available for quality control purposes in filter production (see e.g. the TSI Automated Filter 
Tester). 
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airflow through the system (model KSK-1080A K20 00, Kobold Messring GmbH, Hofheim, 
Germany)32. Before and after the rotameter 320 mm and 130 mm of tubing were added in order 
to minimize inaccuracies due to turbulence. The construction had two sampling outlets, which 
allowed measuring concentrations before and after the filter33. Using the same ports, pressure 
drop between the two compartments was measured by a manometer of high precision (model 
612a, Schiltknecht Messtechnik AG, Gossau, Switzerland). Pressure drop is the common 
measure for characterizing filter resistance (see e.g. EN standard 143:2000).  

3.2.5.2 Filter Testing Chamber 

     
Fig. 9: Filter testing chamber (measures in [mm])34. 

The testing construction consists principally of two compartments with the test subject mounted 
in between (Fig. 9). Particular attention was drawn to the sealing of testing equipment to assure 
the tightness of the system. Additional rubber seals were used, conjunctions carefully elaborated 
as well as straps and shrink hoses applied at the connections.  

As aforementioned, the same inlets were used for measuring steady-state pressure drop and 
particle concentrations. Due to aerodynamic considerations, pressure should be measured at the 
walls (Hering, Martin, & Stohrer, 1999). In contrast, particles are best sampled within the centre 
of the cylindrical volumes. Accordingly, the sampling tubes for particles were assembled with 
                                                      
32 The rotameter specified has a measurement range of 1.0 and 3.0 m3

N/h (N stands for 20°C and 1013 mbar) and 
belongs to the accuracy class 4 according to the VDI/VDE standard 3513. 
33 As the vacuum pump is generating negative pressure in both compartments of the construction, it was important 
that the sampling instruments could equalize the pressure. This prerequisite was fulfilled by both the CPC 3007 and 
3022A. Note furthermore that the sample flow of the two instruments (0.042 m3/h and 0.018 m3/h, respectively) was 
negligible compared to the overall system flow driven by the vacuum pump.  
34 This schematic was created and supplied by T. Blunschi (Institute of Environmental Engineering, ETH Zurich) 
using the MegaCAD software tool (Version 2005, Megatech Software GmbH, Berlin, Germany). 
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an additional 130 mm of metal tubing. Each sampling tube had an overall length of 1.25 m and 
was assigned to one of the two sampling ports.  

3.3 Experimental Design 
In principle, measurements of number and mass concentrations were conducted under 
background and production conditions in different measurement positions. Additionally, mask 
filter performance at the workplace was analysed. All measurements were complemented by 
surveying temperature, relative humidity, and air velocity.  

In this section, the experimental approach is delineated. Initially, the measurement positions, 
schedule, and logging are outlined. Subsequently, the different experimental settings for 
background as well as production and mask filter measurements are explained. 
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Fig. 10: Location and description of measurement positions (measures in [m]). The terms near-, mid- and far-
field are relative to the production unit. 
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3.3.1 Sampling Positions, Schedule and Logging 
3.3.1.1 Measurement Positions 
Locations were chosen in order to capture spatial variation in particle levels throughout the 
production area. As days of measurements were limited, the number of positions was restricted 
to seven major sampling locations. All measurement positions are outlined in Fig. 10 as dark 
grey circles. The instrumental inlets were normally located approximately 1.2 m above the floor 
level, which is in between the breathing height in the standing and sitting working position. 

3.3.1.2 Measurement Schedule 
Measurements were mainly performed in April and May 200635. The actual measurement 
schedule is outlined in Tab. 3: Initially, separate measurements for determining appropriate 
background levels were performed. Subsequently, measurements under production conditions 
were completed. Finally, maintenance and cleaning activities were monitored and mask filters 
were tested.  

For the most part, the measurement schedule was subject to the company’s production pattern. 
Nevertheless, some additional production days as well as special setups (such as running the 
system without actual gas phase production) were specifically arranged in coordination with the 
company. Totally, 113 hours of measurements were collected during 25 days, which is a 
relatively high number of days compared to other real workspace exposure studies (Bos, 
Weissenberger, & Anzion, 1998; Maynard et al., 2004; Stephenson, Seshadri, & Veranth, 
2003).  

3.3.1.3 Sample Logging 
In order to assure coherent data interpretation, all key events such as machinery operation, 
installation changes, employees’ activities or unusual incidents were recorded daily using a 
detailed logging sheet. The logging sheets were indispensable for reproducing the specific 
instrumental settings and configurations in the field. Furthermore, the record of the specific 
surrounding activities and other important characteristics allowed tracing back relevant 
influences on the collected parameters. 

The sheets were filled out in the field and transcribed electronically36. An exemplary record is 
supplied in appendix A.2 and supplemented by a brief explanation about the different sections 
such as measurement IDs, instrument configurations, outline of the production procedure, 
machinery operation, operator activity, surrounding activities and influences on air exchanges. 

 

                                                      
35 Due to unforeseen instrumental complications (refer to section  3.2.1.3 and  4.1.2), additional data was gathered with 
a second SMPS system (model 3936) on a later stage. 
36 All the logging sheets are provided in the electronic annex (confidential). 
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Tab. 3: Outline of the principal measurement schedule.   

Measurement phase Position No. of 
days 

Brief description 

B1 1.5 
Determination of background level inside the 
production site in the mid-field position 

B2 3.0 
Determination of background level outside the 
production site position 

(1) Background  

B3 1.5 
Determination of background level inside the 
production site in the far-field  

P1 2.0 
Determination of levels under production 
conditions in the mid-field position   

P3 1.0 
Determination of levels under production 
conditions in the far-field position   

P4 1.5 
Determination of levels under production 
conditions in the separated office 

P5 1.0 
Determination of levels under production 
conditions in the near-field position   Su

cc
es

si
ve

 m
od

e 

P7 2.0 
Determination of levels under production 
conditions near the filter & collection unit 

P5 vs. P1 1.0 
Parallel measurements in the reference position P5 
and the mid-field position 

P5 vs. P2 1.0 
Parallel measurements in the reference position P5 
and outside of the production site 

P5 vs. P3 1.0 
Parallel measurements in the reference position P5 
and the far-field position 

Si
m

ul
ta

ne
ou

s m
od

e 

P5 vs. P4 1.0 
Parallel measurements in the reference position P5 
and the office position 

P1 0.5 
Emission determination of system running without 
actual gas phase process 

P5 vs. P6 0.5 
Emission determination during vibrating and 
sieving of powder 

(2) Production and 
handling 

Sp
ec

ia
l s

et
up

s 

P1 2.0 
Size-distribution measurements with two SMPS 
systems for quality control (see p. 24) 

P1 1.0 
Measurements during major maintenance and 
reparation work 

P5 0.5 
Near-field monitoring of the reactor cleaning 
 

(3) Maintenance and cleaning 

P5 vs. P6 0.5 
Separate emission determination of the vacuum 
cleaner 

(4) Mask filter performance P1 1.0 
Determination of filter performance under 
production condition 

PT 4.5 
Repeated measurements of general turbulence 
levels 

PD 1.0 
Determination of air exchange above the movable 
wall to the corridor 

OW 0.5 
Determination of air exchange above the movable 
wall of the office 

(5) Separate transducer 
measurements 

OD 0.5 
Determination of draught below the office door 
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3.3.2 Experimental Settings 
3.3.2.1 Background Determination 
On the one hand, there are various diffuse aerosol sources such as traffic and industrial 
combustion processes creating an ambient particle load outside and inside the production 
facility. On the other hand, potentially important point sources were located within the 
production hall (Fig. 3). As the sampled particles were not chemically differentiated, aerosols of 
the same size range deriving from other sources than the investigated production facility had to 
be adequately controlled. 

Whenever applicable, background levels were determined each day prior to the production start. 
Assuming comparatively low temporal background variation, these measurements were 
complemented by separate data collected from varying positions without production. In order to 
have a rough estimate for the variation contributed by the ambient particle levels outside the 
hall, data from the National Air Pollution Monitoring Network (NABEL) was consulted37. For 
additional sources within the hall, average working conditions were assumed unless particular 
events were recorded during measurements. Alternatively, background particle levels can be 
controlled by applying clean air enclosures such as used by Maynard and collaborators (2004). 
However, this method is not only laborious but was unattainable in this case study due to the 
given production circumstances.  

3.3.2.2 Production and Handling  
In order to identify particle sources and dynamics throughout the production site, particle 
sampling at different locations and times as well as under varying conditions were chosen. 
Thereby, two distinctive measurement configurations were applied:  

Successive mode: Initially, measurements with all instruments in the same position were 
performed successively for each individual position38. This mode allowed the derivation of 
particle levels for specific working areas and permitted easy comparison of the different 
instrumental measures and readings.  
In this configuration, measurements were carried out in intervals of 21 min with breaks of 4 to 5 
min in between. The period was chosen according to the limiting logging capacity of the 
anemometer model 8386A (whose measurement of temperature and relative humidity were 
crucial) and in order to allow for regular changes of SMPS configurations. The latter was 
required, as the full instrumental range cannot be scanned with a single flow configuration (refer 
to section  3.2.1). Furthermore, starting all instruments simultaneously allowed a correct time 
matching of the measurements since some instrumental real-time clocks could either not be set 
precisely or proved to run inaccurately.  

Simultaneous mode: In order to analyse the spatial variation, simultaneous measurements with 
the instruments in different positions were performed. This assembly was essential to gain 
insight into particle distribution dynamics and to sustain further the identification of potential 
particle sources along the production course. A reference position near the reactors (position P5) 
                                                      
37 NABEL is an observational network operated by the Swiss Federal Institute for Materials Testing (EMPA) on 
behalf of the Federal Office for the Environment (Bundesamt für Umwelt, BAFU). 
38 Exception: In order to generate a comparison metric for characterizing the general activity level along with the 
corresponding turbulence for a given production day, the transducers were positioned orthogonal to each other in a 
separate location PT (refer to Fig. 10). 



 
Occupational Exposure to Nanocompounds                                                                                                Philippe Peter 

 

 34 

was selected and combined with the mid- and the far-field position as well as with a location 
near the vibration & sieve unit, in the separate office room and outside the production area 
(refer to Fig. 10 and Tab. 3).   

3.3.2.3 Maintenance and Cleaning 

It is common knowledge amongst occupational hygienists that high short-term dust exposures 
often occur during maintenance procedures (WHO, 1999). This issue has also been addressed in 
the context of nanoparticle production (Aitken, Creely, & Tran, 2004; Ostiguy et al., 2006). 
Accordingly, measurements during maintenance work were performed. Furthermore, the regular 
reactor cleaning and the exhausts of the frequently employed vacuum cleaner (model NT72/2 
Eco Tc, Alfred Kärcher GmbH & Co.KG, Winnenden, Germany) were monitored. These 
arrangements allowed surveying important short time exposures. 

3.3.2.4 Mask Filter Performance 
Beside maximal possible exposures as derived from the measurements outlined above, effective 
exposure taking into account the personal protection equipment (PPE) is of high interest. As 
inhalation is deemed as the major route of exposure, the performance evaluation of mask filters 
under workplace conditions was investigated in the study. To this end, four different types of 
mask filters were evaluated out of which two were applied at the investigated production site 
(Tab. 4).  

Tab. 4: List of filters tested under production conditions.  

Manufacturer Type of filters  Performance 
standard39 

Comment 

3M 6000/7000 series 
respirators (half-
mask) with filter type 
2135  

FFP 3 according to 
EN 143:2000 
(DIN, 2000) 

Masks applied at the investigated production 
site; according to the 3M data sheet this half-
mask is applicable for particles hazards such 
as fine dusts and mists 

3M 6000/7000 series 
respirators (half-
mask) with filter type 
5935  

FFP 3 according to 
EN 143:2000 
(DIN, 2000) 

Masks applied at an ETH laboratory with 
gas-phase material synthesis 

3M Flat-fold respirator 
with filter type 9320 

FFP 2 according to 
EN 149:2001 
(DIN, 2001) 
 

Masks applied at an ETH laboratory with 
gas-phase material synthesis 

Dräger X-plore 7500 (full-
mask) with filter type 
680  
 

FFP 3 according to 
EN 143:2000 
(DIN, 2000) 

Masks applied at the investigated production 
site; the full-mask respirator has the 
advantage of a decreased breathing 
resistance, which reduces tiring of the worker 

A new sample of each filter type was tested for 40 min with a high and a low continuous flow 
rate40. The latter was adjusted as near as possible to the lower limit of the rotameter (1.00 m3/h), 
which is slightly above the inhalation rate for adult men with a light level of activity 
                                                      
39 The standards mainly specify the minimal requirements, examination and declaration concerning performance 
indicators such as the protection factor, the filter resistance and the mechanical sturdiness. FFP stands for “Filtering 
Face Piece”. 
40 The natural breathing cycle could not be simulated with the given setup. Note that the breathing pattern has proved 
to have an influence on the measured filter performance. For instance, inhalation and exhalation was associated with 
higher protection factors than breath holding (Lee et al., 2005). 
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(Paustenbach, 2002, p. 655). The high flow rate – as far as achievable with the given vacuum 
pump – was set to 2.15 m3/h, which is approximately the inhalation rate for adults with 
moderate level of activity. During the measurements, the flow rates were recorded in regular 
intervals. Filter resistance was surveyed by measuring the pressure drop prior and after the 
sampling period. Additionally, the testing environment was characterised by monitoring mass 
concentration, air velocity, temperature, and relative humidity in proximity to the testing setup 
(Fig. 11)41.  
 

   

Manometer

Anemometer

DustTrak

CPC 3007

Filter Testing Chamber

Rotameter

Modulating Valve

Vacuum Pump

CPC 3022A

 
Fig. 11: Filter sampling in the field. 

3.4 Data Processing and Analysis 
3.4.1 Data Processing 
Initially, the data was read out of the instruments and exported to Microsoft Excel (Version 
2002 SP3, Microsoft Corporation, Redmond WA, United States). Times and corresponding 
readings of the different instruments were correctly matched for all starting points. Furthermore, 
the electrical currents, I [mA], recorded from the transducers were transformed to air velocities, 
vT [m·s-1], according to equation (3.2):  

 
12 ( 4 )

16T
msv I mA
mA

−

= ⋅ −  ( 3.2) 

                                                      
41 Temperature and relative humidity are also specified in the standards (DIN, 2000; DIN, 2001) and particularly 
relative humidity has proven to have an influence on filter efficiency (Sharma, 2000). 
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The overall total of 2.1 million data points was then reduced to 1 min averages and pooled in 
order to generate colour coded daily sets of all measurements42. The means were complemented 
by statistical measures such as standard deviation, variance, minimum and maximum as well as 
1st, 2nd and 3rd quartile.  

3.4.2 Data Analysis 
The analysis of experimental data was organized into four thematic blocks: 

Instrumentation performance: The coherence and stability of the CPC 3007 and 3022A 
readings were evaluated by comparison of the measurements derived in the same position. 
Furthermore, the performance of the SMPS systems was thoroughly examined. 

Number and Mass concentrations: First, the separate number and mass background 
concentrations were analysed to derive corresponding average levels. Subsequently, readings 
derived under production conditions were investigated. Particle sources were identified by the 
qualitative evaluation of special measurement setups. Additionally, spatial distribution was 
investigated in detail and average concentration progressions were compiled. Finally, a 
sensitivity analysis with respect to turbulence, temperature, and relative humidity was 
performed. 

Particle size distribution: In addition to concentrations, particle size distribution during 
production was investigated in a separate analysis.  

Mask filter performance: Number concentrations for each filter and flow rate were compiled 
along with the corresponding protection factors. Furthermore, a comparative analysis was 
implemented.   
 
In line with common practice in the field of occupational exposure studies, data analysis is 
largely based on descriptive statistics: On the one hand, local measures such as means and 
ranges in terms of minima and maxima were computed with Microsoft Excel. On the other hand, 
dispersion indicators including standard deviations, variances, and quartiles were employed. 
The descriptive analysis was then visualized in charts such as simple and multiple time series or 
box plots. This allowed gaining an overview for a sound qualitative and quantitative description 
of the situation and gave way to focused statistical examinations by regression and correlation 
analysis as well as by simple hypothesis testing. Furthermore, curve fittings were performed in 
order to derive linear and exponential trends. 

3.5 Exposure Modelling 
Besides direct measurements and expert judgement, indoor models represent a third approach 
commonly applied for assessing occupational exposures. Based upon the experimental data, a 
simple one-box model for particle concentration is proposed, applied to the specific case, and 
compared with the measurement results.  

                                                      
42 The 1 min averaging period was applied in order to increase the stability of the readings and facilitate data 
handling. Data was normally recorded with the highest possible resolution (i.e. normally 1 s logging interval) in order 
to allow an exact matching of all measures even if recordings were interrupted. Furthermore, higher time resolution 
preserved the possibility to analyze special effects in detail.  
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In this chapter, a brief introduction to indoor exposure models is given based on a review by 
Bruzzi et al. (In preparation). Subsequently, the main features of one-box models are outlined 
and the derivation of the modelling parameters is delineated. 

3.5.1 Introduction to Indoor Exposure Models 
A range of methods has traditionally been applied in occupational settings for appraising 
exposure mainly to chemical impacts. On the one hand, expert judgement based on observations 
and interviews is a simple and frequently used method. This approach though clearly suffers 
from subjectivity, which renders standardisation and inter-comparison of different cases 
difficult. On the other hand, direct measurements are – apart from subjective choices regarding 
the method and setup – more objective and usually reliable. However, exposure determination 
by field measurements is typically expensive, complex, and time-consuming – particularly for 
submicron aerosol measurements. Furthermore, by measuring exposure only the current 
situation can be evaluated; information about past or potential future exposures cannot directly 
be appraised. Although field measurements are normally relatively accurate, they often 
disregard variability of the workplace due to limited monitoring time; hence, measurements in 
occupational settings are often not representative because of external constraints. 

Indoor exposure models may assist in overcoming situations, such as when expert judgement 
needs confirmation and measurements are not feasible or inappropriate. Modelling can be an 
efficient way to verify compliance with applicable occupational threshold limits. Moreover, 
models decrease monitoring necessity, reveal the relationship between various workplace 
variables and their effects in different settings, and are often able to predict the outcomes of 
possible protective measures.  

Generally, indoor exposure models can be categorised into bulk-mixing and diffusion models. 
Zero ventilation models, the simplest type of bulk-mixing models, are applied to calculate 
worst-case scenarios by assuming instantaneous release and excluding all loss processes (e.g. 
ventilation). Zero ventilation models are often used as a precautionary screening approach 
before refining the risk assessment with methods that are more sophisticated. One-box models 
(so-called ideal mixed models) represent a more elaborate method based upon two fundamental 
assumptions: (1) concentration homogeneity and (2) mass conservation. This type of model was 
considered adequate for this particular case study and will therefore be described in further 
detail in the following subchapter. The one-box model does not take into account spatial 
differentiation, which – if mixing is slow or incomplete - can limit its applicability. This can be 
circumvented by using correction factors for partial mixing. The latter, however, is often not 
precise and infringes the principle of mass conservation. Alternatively, two- or multi-zone 
models can be applied by introducing additional ideally mixed boxes to account for spatial 
variations. Adding boxes implicates the necessity of deriving supplementary parameters such as 
appropriate box sizes and shapes or adequate air exchange rates between the boxes.  
Conversely, diffusion models are capable of reproducing concentration gradients throughout the 
workspace of interest. For instance, Eddy diffusion models are based on the principles of 
turbulent diffusion. Gaussian plume dispersion models additionally consider advection. Finally, 
Computational Fluid Dynamic (CFD) models, based on mass, energy and momentum 
conservation, are able to represent detailed dispersion dynamics. However, CFD models are 
rather complex and primarily applied in academic research.  
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The outlined types of models have mainly been applied for chemicals – not particles – in 
workplaces. However, considering the size, nanoparticles approximate the behaviour of gases 
(Aitken, Creely, & Tran, 2004; HSE, 2004; Mark, 2004a; Ostiguy et al., 2006). Accordingly, the 
delineated models may principally be used also in the realm of nanoparticle exposure 
modelling.      

3.5.2 One-box Model 
As aforementioned one-box models rest upon the assumption of concentration homogeneity 
across the room of interest. Accordingly, the application of a one-box model may be sound if 
following prerequisites are met: 

(i) Multiple, evenly distributed emission sources exist throughout the room. 
(ii) Complete mixing inside the modelled space occurs within ‘reasonable’ time43. 

 
 
 
 
 
 
 
 

Fig. 12: Structure and parameters of 
the one-box model applied in this 
study.  

 

From the second assumption (i.e. the mass conservation), the temporal number concentration 
development within the space of interest, C(t), can be derived (3.3). In contrast to the readings 
of the instruments, C(t) denotes particles which derive from the production only, i.e. particles 
from the background are not included. 

 ( ) ( ) ( )vent env vent sink
dC tV Q C E Q C t k V C t

dt
⋅ = ⋅ + − ⋅ − ⋅ ⋅  ( 3.3) 

 where  C(t) ... Concentration within the compartment [p·cm-3] 
 Cenv ... Concentration of the incoming air [p·cm-3] 
 V ... Compartment volume [cm3] 
 Qvent... Ventilation flow [cm3·min-1] 
 E ... Emission rate [p·min-1] 
 ksink ... Rate of sink processes [min-1] 
 

By introducing the air exchange rate, kvent [min-1], which indicates the number of complete air 
exchanges per unit of time, equation (3.5) can be obtained. 

 
V

Q
k vent

vent =  ( 3.4) 

 ( ) ( ) ( )vent env vent sink
dC t Ek C k C t k C t

dt V
= ⋅ + − ⋅ − ⋅  ( 3.5) 

                                                      
43 The mixing time ought to be considerably smaller than the exposure period of the workforces.  
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As a first approximation, constant air exchange and emission rates may be assumed. 
Furthermore, sink processes and the concentration in the surrounding environment are 
considered negligible: 

 )()( tCk
V
E

dt
tdC

vent ⋅−=  ( 3.6) 

This simple inhomogenic differential equation solves to the equation (3.7). 

 ( ) ( )0( ) (0) ventk t tC t C C e C− ⋅ −
∞ ∞= − ⋅ +  ( 3.7) 

 
Vk

EC
vent ⋅

=∞  ( 3.8) 

C(0) and C∞ are the corresponding starting and steady-state concentrations in p/cm3.  
 
According to the equations (3.7) and (3.8), the main parameters necessary for the model are (1) 
the room volume, V, (2) the emission rate, E, and (3) the air exchange rate, kvent. The room 
dimensions, records of changes in ventilation rates, and other non-target variables are essential 
to select or estimate these modelling parameters according to the given situation in the field. 
This underlines once more the importance of adequate and complete measurement logging. 
Subsequently, the methods applied for parameter estimation are briefly delineated (Bruzzi et al., 
In preparation): 

Volume V: The compartment volume in this study was derived from Fig. 10 assuming a 
simplified base area and an adequate room height.  

Emission rate E: The emission rate is typically the amount of pollutant released per unit of 
time. E values are useful to relate emissions directly to the causative process. However, 
generalization is not possible and – if emissions are not constant over time – mathematical 
descriptions may be rather difficult. 
There are different possibilities to quantify emission rates including field measurements, 
generation rate models, or literature databases. Field measurement is the most popular method 
amongst industrial hygienists and was also used in the present case study (Bruzzi et al., In 
preparation). If the outlined simplifications are assumed (see above), the average emission rate 
may be calculated from the change in concentrations, C(t), in the room volume, V, over a 
specific period of time: 

 ( )2 1

2 1

( ) ( )V C t C t
E

t t
⋅ −

=
−

 ( 3.9) 

This method neglects the losses through ventilation and is therefore likely to overestimate the 
emission rate. Furthermore, equation (3.9) is problematic if small differences arise, i.e. little 
mass is released. Alternatively, E can be determined by back calculation from the steady-state 
concentration according to equation (3.8), if the volume, V, and the air exchange rate, kvent, are 
established.  
The assumption of emission rate stability represents a general constraint of conventional 
emission rate determination by field measurements (Bruzzi et al., In preparation). In order to 
appraise variability, extensive monitoring efforts are required. Sensitive parameters influencing 
emission rates include the general intensity of activity (e.g. the number of reactors in operation), 
the chemical composition, and properties of the compounds at interest as well as the initial 
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dilution. In addition, dustiness and cohesion forces are particularly relevant for the study of 
aerosol emissions. 

Air exchange rate kvent: The air exchange rate is highly important for the transport and removal 
of particles. The kvent value can be calculated from the ventilation flow (3.4). If the ventilation 
flow is not specified, field measurements may be necessary.  
As outlined in section  3.1.4, the entire hall is normally ventilated with numerous skylights 
regulated by a thermostat. Unfortunately, this decentralised system makes direct ventilation 
quantification difficult. The exact value of kvent is not known and therefore estimated from the 
decline in number concentration once production had ceased44.  

After the derivation of the essential parameters, the model was applied in order to reproduce 
experimental measurements.  
 

                                                      
44 This method is also applied in other studies (cf. Wadden, Suero, Conroy, Franke, & Scheff, 2001). 
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4. Results 
The result chapter is organised in five sections: In order to verify proper instrumentation 
functioning, the performance of the Condensation Particle Counters and the Scanning Mobility 
Particle Sizers is initially examined ( 4.1)45. Subsequently, mass and particle number 
concentrations under background and production conditions are described ( 4.2). A separate 
section is dedicated to the size-distribution measurements ( 4.3). Thereafter, the findings of the 
mask filter testing are outlined in section  4.4. Finally, the applicability of the proposed model is 
first demonstrated; thereafter, the modelling parameters are derived and applied for the 
reproduction of the measurements ( 4.5).  

4.1 Instrumentation Performance 
Limited accuracy and reproducibility of the instruments applied in nanoparticle monitoring are 
still constraining the use of the currently available methods (refer to section  2.2.1.2). In this 
section, the operation of the different particle counters is compared and the qualitative 
performance of the SMPS systems is examined.  

4.1.1 Condensation Particle Counters 
4.1.1.1 Correlation of the CPC 3007 and 3022A 
Any discrepancies found between the two instruments may result – to a certain extent – from 
three major technical differences: (1) While the model 3022A changes counting mode at 104 
p/cm3, the model 3007 employs the single counting mode also for the upper concentration 
range. (2) The two models apply different fluids for growing the aerosols (n-butyl alcohol 
versus isopropyl alcohol). (3) Finally, the instruments have dissimilar cut-off particle diameters 
(7 nm and 10 nm, respectively), which would be particularly relevant if the particle size 
distribution indicated high numbers at the lower size range bound (refer to section  4.3).  

In order to contrast the performance of the two CPC models 3007 and 3022A, simultaneous 
measurements in the same position were performed. The comparison of all applicable 1 min 
means (including outliers) yields a linear regression with an R-squared value of 0.96 (Fig. 13). 
The average factor between the two measurements is 1.01 (±12.7% relative standard deviation), 
indicating slightly higher counts for the model 3022A. The underlying data set includes 
readings from background as well as from production conditions and therefore reflects two 
distinctly different environments with respect to concentration levels.  

Since for both instruments an approximate accuracy of ±20% is indicated by the manufacturer 
(refer to appendix A.1), the outlined deviation between the two CPCs is acceptable. A study by 
Hämeri, Koponen, Aalto, & Kulmala (2002), which compared the same two CPC models in 1 
min intervals, indicates relative differences in the same range (i.e. up to 20%) for urban air 
measurements with particle number concentrations around 104 p/cm3. 

                                                      
45 With respect to mass concentration, air velocity, temperature and relative humidity measurements, instrumentation 
performance is less delicate due to ample experience and for technical reasons.  
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Fig. 13: Comparison of CPC model 3007 and 
3022A [number concentrations in p/cm3]. 

4.1.1.2 Stability of the CPC Models 
In addition to the instrumental correlation, the stability of the two instruments was briefly 
compared. In terms of the relative standard deviation for a given minute, the readings of both 
models proved to be similarly stable: The mean standard deviation is 3.8% and 3.7% for the 
models 3007 and 3022A, respectively. However, the average factor between corresponding 
standard deviations is 1.19, indicating a higher sensitivity for the CPC 3007 despite identical 
time constant (1 s). Furthermore, two extreme outliers within the comparison period were 
identified, which yield a 94% and 63% relative error for two readings of the model 3022A46.  

As the average factor between the two instrument readings is negligible compared to the overall 
stability and accuracy of the measurements, no linear correction was applied in subsequent 
analysis to account for any instrumental differences. 

4.1.2 Scanning Mobility Particle Sizers 
4.1.2.1 Qualitative Comparison between the SMPS 3934 and the CPC 3007 
Measurements derived by the SMPS 3934 and the portable CPC 3007 were compared in order 
to assure qualitative consistency between the instruments. In spite of the larger size detection 
range of the CPC 3007 (refer to appendix A.1), the experiments yielded higher counts for the 
SMPS by two orders of magnitudes (results not shown).  

Disregarding differences of dissimilar SMPS models, there are various potential reasons, which 
may account for systematic errors in the readings of any SMPS system. For instance, inadequate 
delay times, td, may yield an erroneous shift in the abscissa scale. Furthermore, reduced flow 
rates required for the larger particle size range increase diffusion losses within the system (TSI, 
1998a)47. For the particular SMPS 3934 applied in this study, additional difficulties occurred. 
The instrument had not been configured by the manufacturer and had been used only on limited 
occasions. Accordingly, the remaining knowledge about its operation was limited or could not 

                                                      
46 According to the logging sheets, no external reasons can be established for these outliers. 
47 K. Erickson, TSI Inc., personal communication, August 4, 2006. 
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be obtained. Furthermore, the maintenance status of the instrumentation was not known. 
Finally, the expertise about SMPS systems increased over the past decade. For instance, 
improved tubing and shorter connections between SMPS and CPC as well as superior valves are 
used to reduce losses due to deposition and impaction. Hence, the used instrument did not 
represent the current state-of-the-art. 

Different possibilities may apply to control quality and reduce uncertainty of the 
instrumentation. One approach would include the measurement of specifically characterised 
monodisperse aerosols disseminated by an aerosol generator (e.g. model 3079, TSI Inc). 
Alternatively, an additional correctly calibrated SMPS system could be operated in parallel 
allowing for direct comparison and calibration. Due to the organisational constraints of the 
project, the latter solution was chosen to ensure fast overall quality control.  

4.1.2.2 Qualitative Comparison between the SMPS 3934 and 3936 
An SMPS system of the current generation (model 3936, TSI Inc.) was hired from the 
manufacturer (refer to section  3.2.1.3). The comparison of simultaneously derived 
measurements by the two systems in the same location yielded qualitatively opposite particle 
size distributions; this finding made a quantitative examination obsolete.  
The SMPS 3936 was configured and calibrated by the manufacturer and operated according to 
standardized settings specified in the manuals (TSI, 1998b; TSI, 2005b; TSI, 2005c; TSI, 
2006b). In the light of the inherent uncertainty of the system 3934, the results derived by the 
SMPS 3936 were deemed more reliable. Accordingly, further data analysis focuses solely on 
particle size distributions derived by the properly calibrated model 3936. 

4.1.2.3 Performance of the SMPS 3936 

CPC 3775 Performance 
A comparison of the measurements of the CPC 3007 and the SMPS 3936 system yielded – in 
contrast to the older system – total number concentrations in the same order of magnitude. 
However, a comparison of the CPC 3775 performance with the two other CPC models showed 
considerably lower counts if operated simultaneously under identical laboratory conditions48. 
Further investigation of the manufacturer revealed that the CPC 3775 had been configured with 
a low inlet flow causing 40 to 43% decrease in particle detection49. Accordingly, the results 
were corrected by the corresponding factor50. 

High and Low Size Range Readings 

As outlined in section  3.2.1.2, it is not possible to record the complete particle size range from 
10 to 1000 nm under a single instrumental configuration. For both low and high size range, 
separate settings need to be applied. Higher counts were constantly detected by the low size 
range configuration; this discrepancy became smaller with increasing particle size (Fig. 14). The 
differences appear to be due to the lower flow rates in the high size range configuration, which 
increased diffusion losses in the system51. 
                                                      
48 E. Demou, Institute of Environmental Engineering (ETH Zurich), personal communication, August 2, 2006. 
49 A. Zerrath, TSI Inc., personal communication, August 11, 2006. 
50 In a first approximation, a single correction factor is applicable for the complete size range (T. Krinkie, TSI Inc., 
personal communication, September 7, 2006). 
51 K. Erickson, TSI Inc., personal communication, August 4, 2006. 
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Fig. 14: Average number concentration [p/cm3] versus particle diameter [nm] recorded with the 
low and the high size range configuration. The measurements were derived during the steady state 
of the production (refer to section 4.2.2.2) on July 14, 2006. Each average size distribution is 
compiled of 21 individual scans; the error bars depict the corresponding standard deviation. Note 
that for this comparison no charge correction was applied. 

Elevated Condenser Temperature 
During measurements with the SMPS 3936, temperature and relative humidity ranged from 25.5 
(±0.3)°C to 34.4 (±0.3)°C and from 35 (±3)% to 57 (±3)%, respectively52. Despite being within 
the ambient environmental operating conditions specified in the manual (TSI, 2005b), the 
SMPS system indicated elevated condenser temperatures. This condition affected particularly 
particles at the lower (size) limit of detection, which may not have been sufficiently activated 
and hence not have grown to a detectable size (refer to  3.2.1.1). Therefore, particles with sizes 
close to 10 nm were counted unreliably. According to the instrument technicians, measurements 
above approximately 20 nm were not affected by elevated condenser temperatures53. 

                                                      
52 Unless otherwise stated, the figures in brackets hereafter indicate the instrumental accuracy either in absolute or in 
relative terms. 
53 One has to bear in mind that the detected increase in condensator temperature (up to 2.8°C) is relatively small 
compared to the overall temperature difference of 25°C between the saturator and the condenser. By comparison to 
detection limits of instruments operating at different temperatures, particles greater than 15 to 20 nm should be 
counted adequately even with the given instrumental error (O. Bischof, TSI Inc., personal communication, August 17, 
2006).  
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4.2 Number and Mass Concentrations 
4.2.1 Background 
In the first section, the background measurements are compiled and average levels derived. 
Subsequently, inter- and intra-day background variability, as well as positional dependence is 
briefly examined.   

4.2.1.1 Average Background Levels 
Background measurements in this study are defined as readings derived in periods without 
production activity. This includes days without any particle production as well as periods before 
the actual production start. The latter is – where applicable – defined as the start of reactor 
cleaning54.  
Fig. 15 and Fig. 16 summarize the mass and number background concentrations. Each day was 
weighted equally independent of the corresponding sampling length55; the mean of all daily 
average levels was 0.052 (±1%) mg/m3 and 8,512 (±20%) p/cm3, respectively. Regarding Fig. 
15, the reason for the two outliers (May 15 and 31, 2006) could not be established with 
certainty56. The first distinct peak on April 19 (Fig. 15 and Fig. 16) was due to the opening of 
the gate for gas delivery, which lasted 8 min.  

Furthermore, it should be noted that three samples, during which the outdoor gate was 
constantly and entirely open, were excluded from the background data set for the following 
reason: The gate was located close to the production area (Fig. 3) and hence had an immediate 
and substantial influence on the space of interest (differences between in- and outdoor 
concentrations and considerably increased air movement)57. During the majority of all 
measurements, the gate remained closed or was open only on brief occasions (e.g. April 19); 
hence, the samples are not representative of average working conditions.  

4.2.1.2 Inter-day versus Intra-day Stability 
The relative standard deviation between the daily averages was 203% for mass and 30.8% for 
number background concentration. In contrast to the number concentrations, this reflects 
substantial inter-day variability for mass concentrations. Whereas inter-day variability for mass 
concentrations was considerable, corresponding variability throughout the same day appeared to 
be minor: The average of intra-day variation in terms of relative daily standard deviation was no 
more than 7.37%. With respect to number concentration, the difference between intra- and inter-
day variability was observed to be low (14.6% and 30.8%, respectively). Slightly lower number 

                                                      
54 For days with production activity but no cleaning of reactors, the first launch of any functional unit of the 
production system (Fig. 2) was classified as the production start. Furthermore, a spill incident before the actual 
production start on May 17, 2006, was considered as an abnormal circumstance; therefore, the corresponding 
measurements after the spill were excluded from the background data set.  
55 No correlation between daily stability and corresponding measurement runtime was found (results not shown).  
56 According to the investigation, neither the metal cutting machines nor the fibre processing or activities in the 
adjacent rooms appeared to be the cause (refer to Fig. 3). Furthermore, the brownish colour of the residues on the 
impactor of the DustTrak gave no indication of any visible differences in particle type at these particular days. 
According to the corresponding logging sheets, elevated mass concentrations seemed generally to be independent of 
the machining activity in the adjacent rooms.  
57 A separate analysis of the compilation of data with the excluded measurements indicates above average number 
concentrations for all samples with elevated outdoor influence. 
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concentrations were normally recorded in the morning compared to the afternoon58, which 
reflects the recorded difference in background activity (refer to the logging sheets).  
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Fig. 15: Background mass concentrations in [mg/m3]. 
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Fig. 16: Background number concentrations in [p/cm3]. The calculated average of daily means formed the 
basis for the background line delineated in subsequent diagrams.  

                                                      
58 In Fig. 16, the corresponding runtimes of the measurements and not the times of day are indicated. 
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In order to establish the grounds for substantial inter-day variability in mass background 
concentration, a brief comparison with NABEL data was performed59. If the two outliers (Fig. 
15) are excluded, a reasonable correlation between the daily PM1 background values, derived 
within the hall, and the mean of PM10 during daytime is found (Pearson’s correlation coefficient 
of 0.79, p < 0.01, n = 20)60. The two extreme values might therefore be less likely due to the 
general changes in particle levels within the larger urban environment but rather caused by a 
source nearby or most likely within the hall. 

4.2.1.3 Spatial Comparison of Background Levels 
Besides temporal differences in background levels, background concentrations were compared 
for positions B1, B2, and B3. However, the average mass and number concentrations in the 
separate positions indicated no substantial differences (results not shown). 

4.2.2 Production 
This section introduces a qualitative examination of a typical production day to outline the main 
features of the mass and number concentration measurements carried out under production 
conditions. This fosters the development of a systematic distinction of the characteristic 
production phases. Based on this grid, the complete set of mass and number concentrations is 
segregated and compiled. Furthermore, the correlation of particle mass and number 
concentration with production is examined. Finally, the derived mass concentrations during 
production are briefly contrasted to the currently applicable occupational limits. 

4.2.2.1 Exemplary Production Day 
Fig. 17 depicts the concentration course by both mass and number in the far-field position (P3) 
on May 31, 2006, which was – as shown in subsequent sections – a typical measurement day. 
With respect to average background levels, a clear increase in terms of number concentration 
was observed during particle production. The characteristic progression curve of the number 
concentration can be associated with the changing processes during the production course: The 
initial cleaning of the reactors with a vacuum cleaner was affiliated with a short but apparent 
increase in particle levels. The start of the reactors led to a steady rise in concentration for 
approximately one hour before reaching a stage, which resembled steady state. The stopping of 
individual reactors during the production course was followed by a decrease in particle levels. 
After the final stop of the production unit, the concentration declined exponentially for a period 
of about three hours until particle background levels were reached again.  

In contrast to number concentration, simultaneously derived mass concentration – indicated by 
the dashed line in Fig. 17 – appeared not to correlate with production activity during this 
particular day. 
 

                                                      
59 Note that this comparison is problematic for two reasons: (1) The NABEL network derives PM10 values whereas 
for the purpose of this study PM1 were measured. Larger particles are likely to dominate mass concentration 
measures; therefore, PM10 may be substantially influenced by particles not measured by PM1 readings. (2) The 
NABEL network uses a gravimetric measurement technique, whereas PM1 were derived by an optical method. (3) 
The NABEL gauging station is located in a court within a residential area 500 m south of the Zurich central railway 
station whilst the investigated production site is situated inside a hall in an industrial surrounding. 
60 No correlation is found if the two outliers are included (Pearson’s correlation coefficient of -0.24, p = 0.28, n = 22). 
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Fig. 17: Exemplary number concentration profile [p/cm3] along with mass concentration [mg/m3] in position 
P3 (May 31, 2006). The vertical lines indicate the start of the following events: A. Cleaning of reactors (09:34 
to 09:38). B. Start of production unit (10:08). C. Stop of first reactor (10:22). D. Stop of second reactor (12:11). 
E. Stop of production unit (12:54). 

4.2.2.2 Determination of Characteristic Production Phases 
By separating different production phases, analysis systematization was achieved. The 
distinction of phases provides a framework for segregating data from different measurement 
days, creating a grid for easier contrasting of mass and number concentration with respect to the 
production course and sustaining further systematic data analysis such as the positional 
comparisons. 

Fig. 18 displays the separation of the production course into five major phases: (1) background 
phase, (2) reactor cleaning phase, (3) starting phase, (4) steady-state phase, and (5) decline 
phase. As changes in the production pattern were reflected by transitions between the phases, it 
was essential to take these production events as differentiation criteria. As illustrated by Fig. 18 
and subsequently described in section  4.2.3, the production unit along with the vacuum cleaner 
were identified as the main emission sources of particles. Therefore, the phase distinction was 
best associated with the following events: The background phase ends with the start of the 
reactor cleaning, i.e. the first launch of the vacuum cleaner. The second phase commences with 
the start of the production unit initiating the so-called starting phase. After one hour, the latter 
phase reverts to the steady state. The decline phase is initiated when the operation of the 
production unit has ceased. Based on observation, the exponential decline was further 
approximated by two linear phases to differentiate an early and an advance decrease61. 

                                                      
61 In order to determine the fictitious transitions between the starting phase and the steady state, as well as between 
the early and the advance decline, an iteration process may be applicable. Based on the data, 60 min were chosen for 
the starting phase and the early decline. It can be argued that this definition is arbitrary; nevertheless, reasonable 
linear correlations for the two phases were obtained (refer to the R-squared values in section  4.2.5).  
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Fig. 18: Number concentrations [p/cm3] during production. The vertical lines subdivide the different phases: I. 
Background. II. Reactor cleaning. III. Starting phase. IV. Steady state. V. Early decline. VI. Advanced decline. 
Measurement gaps were taken into account by correctly matching the beginning of each phase with the 
corresponding measurements62. For the background phase, reverse time matching was applied (onset of the 
reactor cleaning as fixed point).  

The definition of the six production phases provided a grid for the segregation of the 
concentration data of each individual day (Fig. 18)63. The averages of all daily mean steady-
state concentrations were 59,100 (±20%) p/cm3 and 0.188 (±1%) mg/m3 with a relative standard 
deviation of 29.7% and 184%, respectively64. Highest number counts reached 136,000 (±20%) 
p/cm3 (May 23, 2006), whereas the maximum mass concentration recorded was 1.340 (±1%) 
mg/m3 (April 28, 2006).  

Note that some measurement days were excluded. These included days, which could not be 
matched to the predefined framework, such as days without any production activity, days 
without the operation of the production unit, fragmentary measurement days, and measurements 
derived outside the actual production area.  

Special incidents such as spills, opening of reactor doors, additional turbulence, or intensive 
vacuum cleaning occurred during normal production days. However, the incident rates cannot 
be claimed as representative of the process since the overall measurement period was relatively 
short. Nevertheless, the fact that such events occurred even in the relatively brief sampling 
period indicates that these incidents really happen. From a precautionary point of view, they 
must therefore not be removed from the data set. 

                                                      
62 As a generic rule, the steady-state depiction was stopped if the production unit was interrupted for more than 20 
min (e.g. over the lunch break or due to technical reasons). This might account for the different concentrations at the 
end of the steady state compared to the beginning of the decline phase within the same measurement day. 
63 Time series for mass concentrations are not shown for reasons outlined in the subsequent section. For average mass 
concentrations during the presence of the operators, refer to appendix A.5 (confidential). 
64 Variability and corresponding reasons are outlined in section  4.2.5.2. 
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4.2.2.3 Correlation of Number and Mass Concentrations with Production 
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Fig. 19: Mass concentration [mg/m3] versus number concentration [p/cm3] for corresponding 1 min means. 
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Fig. 20: Number concentration [p/cm3] and mass concentration [mg/m3] profile of a day with mass correlation 
(April 27, 2006). The vertical lines indicate the start the following events: A. Start of production unit (14:00). 
B. Production interruption (15:34, 4 min). C. Stop of production unit (17:08). 
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In order to compare mass and number concentration readings of submicron particles, 
corresponding 1 min means were depicted within the same graph (Fig. 19)65. A weak correlation 
between the two concentration measures is observed in some cases. For certain days, distinct 
trends can be found. However, these correlations are different for each day, which is shown by 
the differing slopes. Considering the unstable correlation between mass and number 
concentration along with a sound correlation between production and number concentration, it 
is evident that mass concentration did not correlate well with production. This is exemplarily 
illustrated by Fig. 17 as well as by the average progression of all data points (subsequent Fig. 
26).  

It has nevertheless to be emphasized that for some measurements, correlation between 
production or number concentration on one hand and mass concentration on the other hand is 
found (Fig. 20). In general, correlation of mass with production was observed to be more likely 
in the cases where (1) background mass concentration was low and (2) particle concentrations 
from production were high. 

4.2.2.4 Conformity with Current Occupational Limits 
Although mass concentration unreliably reflects particle emissions derived from production and 
appears not to be an appropriate indicator for potential health effects, occupational limits are 
still defined in these terms by legislators (refer to section  2.2.1.1). To this end, a comparison of 
the currently enforced exposure thresholds versus the measured mass concentration in the 
production site is delineated in appendix A.5 (confidential).  

4.2.3 Particle Sources 
As outlined in the previous section, mass concentration appears to be an inappropriate indicator 
of particle levels for this particular production site. In light of this finding, the remaining 
analysis was primarily focussed on number concentrations.  

Accordingly, particle emission sources are identified with respect to number concentrations66. 
First, emissions from the production unit are examined. Subsequently, potential emissions from 
the vibration & sieve unit are described. Finally, particle levels during maintenance and 
cleaning are considered. 

4.2.3.1 Production Unit 
As illustrated in the previous sections, the production unit appeared to have the most 
pronounced influence on particle levels derived at different days and in varying positions. 
Additionally, the number of operating reactors (maximum of four) was reflected in the 
concentration course. For instance, reoccurring early shut downs of one or two reactors before 
the production end were observed to entail a reduction in concentration levels (see e.g. Fig. 17).  
In order to test the assumption that the production unit was the major emission source, a special 
setup was arranged with the company. Thereby, all functional units were operating except for 
                                                      
65 Although mass concentrations derived with the DustTrak ignore particles below 100 nm, the measurements were 
deemed comparable with readings from the CPC 3007: In contrast to number concentration readings, overall mass 
measurements are normally not dominated by particles from the small size fraction. 
66 Brouwer and co-workers, who explored sampling techniques and strategies for occupational exposure to ultrafine 
particles, have also proposed to use number concentration measurements for emission source identification (Brouwer, 
Gijsbers, & Lurvink, 2004). 
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the reactors (i.e. the ventilation system, the filter & collection unit, as well as the vibration & 
sieve unit)67. No substantial increase in particle levels was recorded (Fig. 21). This confirms the 
production unit as the main particle source and suggests that resuspension from deposited 
particles of previous production days is not an eminent issue. 
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Fig. 21: Number concentration [p/cm3] during plant operation without production unit (May 15, 2006). 
Events: A. Start of vibration & sieve unit, ventilation system and filter & collection unit (13:12). B. Stop of 
vibration & sieve unit, ventilation system and filter & collection unit (14:24).  

4.2.3.2 Vibration and Sieve Unit 
As aforementioned, the investigated production site was a pilot plant and adaptation and 
changes were made to the production setup. As a result, the vibrating and sieving of the product 
was occasionally accomplished separately near the fume hood (position P6). As the vibration 
and sieving were performed with an open top, it was initially perceived as a potential emission 
source, and separate measurements without other machinery operating were scheduled to test 
this hypothesis (Fig. 22). Despite visible dust formation, vibrating and sieving had – contrary to 
intuition – no significant influence on the concentration derived in position P6 and P5, 
respectively. The reasoning is that the submicron nanocomposites appear to have agglomerated 
in clusters larger than 1 µm and were therefore outside the measurement range of the 
instruments. However, the transfer of powder on other occasions, which was atypically not 
performed in a contained way, intermittently yielded an increase in particle number 
concentrations68.  
 

                                                      
67 Note that there was enough material inside the tubing and the filter & collection unit to discharge particles onto the 
vibration & sieve unit. 
68 For instance, the transfer of powder to a small sample jar for quality control purposes demonstrated visible dust 
formation along with a distinct elevation in particle concentrations. Nevertheless, in other occasional powder 
transfers particle levels remained low in spite of visible dust development. 
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Fig. 22: Number concentrations [p/cm3] during open operation of vibration & sieve unit (June 6, 2006). The 
corresponding powder transfers are depicted as red triangles. The unit was running for 45 min. Events: A. 
Vacuum cleaning for < 1 min (14:23). B. Start of the vibration & sieve unit (14:27). C. Stop of vibration & 
sieve unit (15:12). D. Operator leaving the production area (15:17).  

4.2.3.3 Maintenance and Cleaning Operations 
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Fig. 23: Number concentration [p/cm3] and mass concentration [mg/m3] during major maintenance involving 
vacuum cleaning (June 1, 2006). The grey dots depict the hovering time. The dashed line illustrates the mass 
concentration.  
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On June 1, 2006, a maintenance shutdown was required at the beginning of the production. 
Even though no production was running, concentrations in the mid-field position (P1) increased 
considerable at distinct intervals (Fig. 23). A comparison with the start of the vacuum cleaner 
illustrates a strong correlation with concentration peaks. A comparison with the area below the 
curve – here approximated by triangles – reveals that the hovering length influences the overall 
emission. Furthermore, during a second day of maintenance there was hardly any vacuum 
cleaning; as a result, counts remained beneath 20,000 p/cm3.  

In a separate setup, concentration monitoring during routine cleaning of the reactors indicated 
high number concentrations near the vacuum cleaner. Accordingly, an additional experiment 
was arranged where the vacuum cleaner was operating for 10 consecutive minutes and 
circulating solely ambient air (i.e. no actual cleaning). Concentrations monitored directly at the 
exhaust (position P6) confirmed increased particle levels (Fig. 24). After a time lag of 
approximately 7 min, concentrations were also raised in the far position, P5. 

There may be two plausible explanatory mechanisms for the observed particle levels: On the 
one hand, the exhaust air boosted advection significantly – air velocities up to 2.7 (±1.5%) m/s 
were recorded 50 cm away from the discharged air (position P6). This may have led to 
resuspension of particles settled on surfaces throughout the site, which was not observed at the 
lower advection rates during production. On the other hand, particles trapped in the cleaner 
might have been propelled through the filter and emitted back to the environment. The vacuum 
cleaner was equipped with a filter of the German ‘Staubklasse M’ applicable for dusts with a 
MAK value ≥ 0.1 mg/m3. This category of filter specifies a transmission of < 0.1% (see p. 18).  
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Fig. 24: Particle concentration [p/cm3] originating from the vacuum cleaner exhaust (June 2, 2006). Events: A. 
Start of vacuum cleaner (15:44). B. Stop of vacuum cleaner (15:54). 

According to these results, the vacuum cleaner was – in addition to the production unit – a 
second relevant emission source. Reactor and other vacuum cleaning account for important 
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short-term exposures. The importance of exposures during maintenance and cleaning, as 
generally encountered in occupational settings, therefore also apply in this particular production 
site (Aitken, Creely, & Tran, 2004; Ostiguy et al., 2006; WHO, 1999). Vacuum cleaning seems 
generally to be a critical issue in nanoparticle production: The study by Maynard et al. (2004) 
has also identified vacuum cleaning as a major particle source and proposed the use of HEPA 
filters for such undertakings (refer to discussion section  5.1). 

4.2.4 Spatial Distribution 
The comparison of spatial differentiation of concentrations is primarily focussed on steady-state 
concentrations, as these levels are most relevant with respect to overall workers’ exposure. In 
order to gain insight into spatial particle distribution, simultaneously derived measurements are 
first analysed. Subsequently, concentrations measured on different days in varying positions are 
investigated. Particular attention is drawn to the influence of the distance to the main particle 
source, the production unit.  

Only a slight difference was observed between simultaneously derived measurements in 
different positions within the production site, which might have been a consequence of fast 
thermal mixing and rapid agglomeration rates. However, on the smaller time-scale more distinct 
differences were detected for instance during the period of reactor cleaning (Fig. 25). Whilst 
small differences between steady-state concentrations of positions within the production site 
were observed, a larger divergence was recorded for the comparison of the near-field position 
(P5) to the corridor position (P2) outside the actual production site (Tab. 5). 

4.2.4.1 Simultaneous Measurements 
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Fig. 25: Simultaneous particle concentration [p/cm3] measurements during an exemplary production day (May 
31, 2006). Similar observations apply also for the comparison of near-field position (P5) versus the mid-field 
and office position (P1 and P4, respectively). Events: A. Cleaning of reactors (09:34 to 09:38). B. Start of 
production unit (10:08). C. Stop of first reactor (10:22). D. Stop of second reactor (12:11). E. Stop of 
production unit (12:54). 
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A two-sample t-test assuming normal distribution, dependant sample sets and unknown variance 
was performed to challenge the null hypothesis H0: μ = 0 (alternative HA: μ ≠ 0), where μ 
denotes the difference between the steady-state concentrations simultaneously derived in two 
positions. According to the corresponding p-value of 0.899 (n = 4), H0 cannot be dismissed. 
Hence, positions do not reveal significantly different concentrations. Furthermore, a strong 
correlation between the two steady-state concentrations derived at the same day is observed 
(Pearson’s correlation coefficient of 0.997, p < 0.01, n = 4), which indicates strong day-
dependency regardless of dissimilar measurement positions.  

4.2.4.2 Distance to Production Unit 
Since the production unit has been identified as the main particle source, the average steady-
state concentration in each position was compared to the distance to the reactors. The 
corresponding Pearson’s coefficient indicates no correlation (0.028, p = 0.958, n = 6). 

Tab. 5: Steady-state particle number concentrations [p/cm3] of simultaneous measurements. For the quotients, 
the error propagation (according to the accuracy of the particle counters) is indicated. 

Measurement 
date 

Position 
Distance to the 

reactors, d  
[m] 

Mean steady-state 
concentration, CP# 

[104 p/cm3] 

Stability of the 
steady state69 

[%] 

Quotient 
CP#/CP5 

[-] 
P1 4.5 5.95 ±1.19 5.5 

May 22, 2006 
P5 1.4 5.40 ±1.08 4.8 

1.10 ±0.31 

P4 4.8 6.26 ±1.25 4.8 
May 23, 2006 

P5 1.4 5.68 ±1.14 4.3 
1.10 ±0.31 

P3 8.4 5.48 ±1.10 12 
May 31, 2006 

P5 1.4 5.40 ±1.08 8.2 
1.02 ±0.29 

P2 4.2 1.00 ±0.20 6.5 
June 26, 2006 

P5 1.4 2.49 ±0.50 5.2 
0.402 ±0.11 

4.2.5 Average Concentration Progression 
Since there is no significant spatial differentiation, an average impression was derived by 
computing the mean concentration developments of all days independent of the measurement 
position (Fig. 26).  

4.2.5.1 Average Mass and Number Concentration Curves 

In order to tie in with the findings presented in section  4.2.2.3, Fig. 26 confirms that mass is an 
unreliable indicator in reflecting the course of the production. The considerable changes within 
short periods result from the large inter-day variability: Measurement days with generally high 
mass concentrations along with the corresponding measurement breaks dominate the calculated 
average points. Conversely, the average number concentration profile reflects the production 
progression rather well with a mean steady-state concentration of 55,400 p/cm3. Except for the 
reactor cleaning70, each phase was complemented by the corresponding regression line along 
with the R-squared value. Reasonable linear correlations are found for the starting phase as well 
as for the early and advance decline. From these approximations, the average emission and air 
exchange rate could be estimated (refer to the modelling section  4.5.2). 

                                                      
69 The stability is quantified in terms of the relative standard deviation during the steady-state period. 
70 For the reactor cleaning, no linear fit was applied due to the lognormal shape of the curve in this phase. 
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4.2.5.2 Variability in the Average Number Concentration Progression 
While the error bars depict the standard deviation of 5 min periods, the box plot includes the 
minimum, first quartile, mean, median, third quartile, and maximum of 10 min periods (Fig. 
26). Both representations demonstrate the considerable variation included in data. Note that for 
each day the individual phases did not have the same length. Accordingly, average points 
towards the end of a production phase were calculated from a decreasing number of underlying 
datasets  

With respect to the background, one can find a rather small variation, which steadily increased 
nearing the start of production. This appeared to be a result of the supplementary activities (e.g. 
additional cleaning or minor installation changes) immediately before production commences. 
Regarding the decline phase, variation continuously diminished due to similar reasons (i.e. 
tidying activities higher immediately after production stop). 

In contrast, variation in the data reached up to one order of magnitude difference during the 
reactor cleaning, the starting and the steady-state phases. Thereby, the varying number of 
operating reactors appeared to be a major determinant influencing the concentration levels. For 
instance, the slight drop in the slope of the steady state reflects the early stop of reactors in the 
course of the production, which repeatedly occurred due to technical reasons. Other major 
reasons accounting for the depicted variation include changes in the production installation of 
different days (e.g. additional seals around tube connections) and variability in the daily 
production course (e.g. repeated reactor cleaning during production).  
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Fig. 26: Average number concentration [bold; p/cm3] and mass concentration [dashed; mg/m3] for each phase. The box plot of number concentration (the right hand side) 
includes the minimum, first quartile, mean, median, third quartile, and maximum of 10 min periods; the plotted line reflects the trend of the corresponding 10 min means. 
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4.2.6 Air Velocity, Temperature, and Relative Humidity 
For the physical characterization of the production site, air velocity, temperature, and relative 
humidity were derived. In the following sections, the corresponding results are delineated and 
the potential influence on number concentration is considered. 

4.2.6.1 Air Velocity 
Parallel to concentration measurements, air velocities were recorded with the anemometer. In 
general, air velocities encountered at the investigated production site were low independent of 
the measurement position. The average of all daily mean air velocities yielded 0.05 
(±0.015)71m/s, which is within the common range for workplaces (Baldwin & Maynard, 
1998)72. As expected, the major influence on air velocities was observed to come from the 
degree of motion of operators near the instrument. 

Furthermore, medium turbulence during production was repeatedly monitored with the 
transducers in the same position PT (Fig. 10, p. 30). The mean of all daily average air velocities 
was 0.02 (±0.01) m/s and therefore remained below the optimal measurement range of the 
instruments (i.e. > 0.125 m/s)73. In addition to the general turbulence measurements, draught 
below the office door (position OD, 0.02 ±0.01 m/s) and air velocities above the movable walls 
separating the office (position OW, 0.02 ±0.01 m/s) and the corridor (position PD, 0.05 ±0.01 
m/s) were investigated. For all three positions, the mean air velocities proved to be marginal. 

Finally, the relationship between number concentration and simultaneously derived air velocity 
in the same position was analysed in order to see whether number concentration is sensitive to 
the level of turbulence. For none of the production phases could any correlation between 1 min 
means of number concentration and corresponding air velocities be established (Fig. 27); the 
Pearson correlation coefficients indicate no clear trend for any production phase (coefficients 
between -0.161 and 0.268). The same observation was recorded when individual days were 
examined separately.  

Furthermore, the concentration progression within 1 min periods was compared to the parallel 
development of the air velocity. Once more, no correlation, between number concentration 
changes and corresponding alteration in air velocities, could be observed for the complete data 
set or for individual days (Fig. 28). 

4.2.6.2 Temperature 
During the 25 measurement days, ambient temperatures in the production area varied between a 
minimal 18.1 (±0.3)°C and a maximal 34.4 (±0.3)°C. Temperature was observed to follow the 
general daily pattern, i.e. low temperatures in the morning, steady increase over the day and 
decline in the evening. In contrast, ambient temperature did not appear to be substantially 
influenced by the production process.  
                                                      
71 As this is below the optimal measurement range starting from 0.15 m/s (refer to appendix A.1), the indicated 
instrumental error of ±0.015 m/s may be larger (C. Anklin, AC Engineering, personal communication, September 7, 
2006). 
72 From the occupational health perspective, air velocities of a few meters per second do not affect inhalation 
probability of particles and are therefore irrelevant (Maynard & Kuempel, 2005). 
73 Accordingly, the indicated error of ±0.01 m/s may again be underestimated (C. Anklin, AC Engineering, personal 
communication, September 7, 2006). 
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Fig. 27: Number concentration [p/cm3] versus air velocity [m/s] for corresponding 1 min means. While the 
large graph illustrates the results for the complete data set, the small depiction reflects the measurements for 
an individual day (May 31, 2006).  
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Fig. 28: Change in number concentration [p/cm3] versus change in air velocity [m/s] for corresponding 1 min 
periods. The large diagram depicts the results for all production days and the small graph illustrates the 
results for one day only (May 31, 2006). 

Analogous to air velocity, an analysis of the relationship between temperature and number 
concentration was conducted; again, no correlation could be established. Moreover, no 
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interrelation between the temperature development and the number concentration progression 
was identified.  

4.2.6.3 Relative Humidity 
Relative humidity within the working environment ranged between 26 (±3)% and 58 (±3)% and 
followed – as expected – a daily progression inverse to that of the temperature. A correlation 
between particle number concentration and relative humidity was not detected for the 
corresponding 1 min means or for the parallel developments over 1 min periods. 

4.2.6.4 Relative Importance of the Physical Parameters 
Experience in the field and experimental observations revealed that several additional aspects 
exert a strong influence on the derived number concentrations. According to the findings 
outlined in the previous paragraphs, any potential influence of air velocity, temperature, and 
relative humidity on particle number concentration appears to be overridden by other factors. 
For instance, the number of reactors in operation proved to have an immediate effect on the 
overall emission of the production unit (refer to Fig. 17. p. 48). Installation changes – such as 
additional seals mounted during the measurement period – demonstrated to have a substantial 
impact. Moreover, irregular cleaning activities (refer to section  4.2.3.3) and certain incidents 
such as spills appear to be important determinants for pulses of particle concentration.  

4.3 Particle Size Distribution 
As outlined in chapter  2, particle size and corresponding surface area may have important toxic 
implications on their own, which cannot solely be attributed to the materials’ corresponding 
bulk properties. In this case study, particle size distributions were analysed with Scanning 
Mobility Particles Sizers. 

4.3.1 Introductory Comments 
During the successive measurement mode (refer to p. 33), the particle size distribution was 
continuously monitored with the SMPS 3934. This should have permitted the identification of 
potentially influencing parameters (e.g. the effect of relative humidity on agglomeration) and 
the analysis of the relation between production and particle size distribution (e.g. alteration 
during the decline phase). However, as summarized in section  4.1.2, the measurements derived 
by the SMPS 3934 were not coherent with readings of other instruments (i.e. CPC 3007 and 
SMPS 3936). As neither the definite cause nor a potential correction could be established within 
the timeframe of this diploma thesis, the measurements of the system 3934 are not presented. 
The subsequent paragraphs are exclusively based on the results measured by the SMPS 3936, 
which was originally arranged for quality control (refer to section  3.2.1.3).  

Due to environmental conditions (elevated temperatures) and organisational constraints 
(production pattern and instrument availability), the following findings are based on the 
measurements of one production day only (July 14, 2006). The limited database allowed 
deriving an impression of the average size distribution encountered at the production site. 
However, the small sample set does not allow extrapolating the data to average operating 
conditions. As a consequence, an additional sensitivity analysis on size distribution was not 
performed. 
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4.3.2 Average Size Distributions  
4.3.2.1 Correction of Data 

In section  4.1.2.3, three issues concerning the performance of the SMPS 3936 are delineated: 
(1) low inlet flow of the CPC 3775, (2) elevated condenser temperature and (3) coherence 
between high and low size range readings. With respect to the first matter, the subsequent 
results are adjusted by applying a correction factor74. Due to the second issue, a lower size 
bound of 20 nm is applied. Regarding the third problem, the subsequent paragraphs focus on 
measurements of the high size range only. The latter allows illustrating a larger size range, 
which is – according to the data – more relevant for the investigated setting. Nevertheless, 
diffusion losses in the high range mode are larger (refer to p. 43) and derived concentrations are 
thus underestimated. Finally, the multiple charge correction was applied to the measurements75. 

4.3.2.2 Average Size Distribution during Different Production Phases 
Fig. 29 outlines 7 consecutive scans of the starting phase individually. As each scan lasted 3 
min, variability in total number concentration within this period led to unstable patterns. 
Nevertheless, the shape of the distribution remained relatively stable for all scans and 
concentrations increased as expected for the starting phase.  

In order to provide a concise insight into the particle size distributions during different 
production phases, average distributions were derived for the starting phase and the steady state 
as well as for the early and advanced decline (Fig. 30). As identical channel resolutions were 
applied, all three distributions are directly comparable in terms of concentration within a given 
particle size bin (refer to section  3.2.1.2)76.  

The graphs reveal a lognormal distribution for the starting phase as well as for the steady state 
and the early decline. While the maximum concentration for the starting phase is in the region 
of 160 nm, the maximum for the steady state and the early decline are observed around 200 nm. 
The size distribution during the early decline demonstrates a transitional shape between the 
distribution of the steady state and the advanced decline. The latter illustrates considerably 
lower concentrations for all size fractions. Furthermore, the curve appearance of the advanced 
decline is more homogenous and reveals proportionally less particles in the low size region 
compared to the distributions of the previous phases77. 
 

                                                      
74 Multiplication of the derived concentrations by a factor of (100/(100-41.5)).  
75 Note that in contrast to the SMPS system 3934, the model 3936 was used with impactors and supplied with an 
improved charge correction (p. 24 and 25).  
76 For technical reasons the channel widths in the low size range are smaller than those in the larger range. However, 
a normalization of the concentrations (refer to section  3.2.1.2) does not considerably alter the depicted distribution. 
77 For the discussion of potential reasons, refer to chapter  1. 
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Fig. 29: Number concentration [p/cm3] versus particle diameter [nm] during the starting phase (July 14, 2006). 
Each line represents a separate scan of the size distribution. All 7 scans were recorded consecutively during 21 
min.  
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Fig. 30: Average number concentration [p/cm3] versus particle diameter [nm] during the starting phase, the 
steady state, and the early and advanced decline of July 14, 2006. The average size distribution is compiled of 7 
individual scans for the starting phase, 21 scans for the steady state, and 7 scans for each the early and 
advanced decline. The error bars depict the corresponding standard deviation.  
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4.3.3 Calculation of Mass from Number Concentration 
The steady-state size distribution along with the density of the nanocomposite permits to 
calculate an estimate for mass out of number concentration. This may be important since 
number concentration in the given setting appears to be a more reliable indictor for reflecting 
the influence of the production on concentration levels, and hence exposure (section  4.2.2.3). 
Under the assumption that all counts were derived from spherical particles with an uniform and 
arbitrarily chosen unit density of 1.0 g/cm3, the mass concentration for particles between 20 and 
615.3 nm amounts to 0.010 mg/m3. During the same period, the measurements of PM1 indicated 
a mean mass concentration of 0.050 (±1%) mg/m3. However, a direct comparison is not 
applicable since larger particles are likely to dominate the overall mass concentration and the 
range above 615 nm is disregarded by the calculation78.  

4.4 Mask Filter Performance 
Inhalation is the main route of entry to the body. Mask filter performance under production 
conditions represents therefore a central element of the evaluation of occupational health and 
safety conditions.  

Initially, the protective performance and resistance of the different filters is outlined along with 
the specific testing conditions. Subsequently, filter efficiencies are compared regarding different 
standards, flow rates, and surface areas. 

4.4.1 Outline of Filter Performance 
4.4.1.1 Testing Conditions 
All filters investigated are certified under standards EN 143:2000 (DIN, 2000) or EN 149:2001 
(DIN, 2001). These standards specify in detail the conditions under which filter tests should be 
conducted with respect to aerosol characteristics, experimental construction, analytical methods, 
and ambient conditions. However, the aim of this study was not to confirm compliance with 
these standards but rather to investigate the filter performance under field conditions with 
respect to number concentration. 

Studies focussing on the effect of relative humidity and temperature have shown that filters pre-
treated with 85% relative humidity and 38°C had impaired filter performance by up to 6% 
(Moyer & Stevens, 1989). In this study, temperature and relative humidity during the filter 
testing were relatively constant: 19.6 (±0.3)°C to 23.2 (±0.3)°C and 30 (±3)% to 38 (±3)%, 
respectively. As these conditions are fairly constant and well within the range specified by the 
norms (i.e. 24 ±8°C and ≤ 60%), the effect of temperature and relative humidity on filter 
performance is deemed negligible and not further investigated in the framework of this case 
study.  

 

 

 

                                                      
78 In addition, the absolute concentration should be considered with caution due to the outlined diffusion losses (p. 
43). 
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Filter

∆p

Cout Cin

4.4.1.2 Filter Performance 
 
 
 
 

Fig. 31: Schematic illustration of parameter notation used in equation 
(4.1) and (4.2). 

There is a range of different measures describing filter performance depending on the mode of 
evaluation79. Furthermore, terminology on filter performance has not always been consistent in 
the past (Johnston, Myers, Colton, Birkner, & Campbell, 1992). In this study, the protection 
factor, P, was calculated according to definition (4.1) and Fig. 31. As outlined in the 
methodology chapter, mass concentration is conventionally used to characterise filter 
performance. In this study, conversely, number concentration was investigated instead. 
 
 out

in

CP
C

=    ( 4.1)

  
 where  P ... Protection factor [-] 
 Cout... Concentration in front of the filter [p/cm3] 
 Cin ... Concentration after the filter [p/cm3] 
  
Retention, R, on the other hand is generally understood as the proportion of particles retained by 
the filter and derived as: 

 100%out in

out

C CR
C
−

= ⋅    ( 4.2) 

Tab. 6 summarizes the performance results of the four different filter types investigated in this 
study. The protection factors and corresponding retentions indicate adequate filter efficiency in 
the given working environment. Depending on the type of filter and the flow settings, mean 
particle retentions between 96.661 (±0.944)% and 99.999 (±0.000)% were recorded during the 
37 min averaging period. Measurements with the best performing filter showed moreover that 
the testing construction was particle-tight and residual depositions within the setup appear to be 
a minor issue. 

4.4.1.3 Filter Resistance 
Apart from retention properties, filter resistance is another key performance characteristic. 
Resistance is generally quantified in terms of pressure drop, ∆p, across the filter (Fig. 31). 
Depending on the flow rate and the type of filter analysed, resistance was between 3.15 (±0.05) 

                                                      
79 For instance, the American Industrial Hygiene Association (AIHA) terminology distinguishes factors such assigned 
protection factors, quantitative and qualitative fit factors as well as workplace, simulated and program protection 
factors (AIHA, 2002). 
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mbar and 5.65 (±0.05) mbar (Tab. 6)80. Pressure drop tended to increase during the 
measurements81. 

Tab. 6: Protection factor [-] and retention [%] of mask filters82. For the flow rate [m3/h] and the pressure drop 
[mbar], the reading accuracy is additionally specified. For P and R, the error propagation (according to the 
accuracy of the particle counters) is indicated.  

Flow rate  
Pressure 
drop ∆p 

Protection  
factor P 

Retention R 
Filter type 
(standard) Begin 

[m3/h] 
End  

[m3/h] 
Begin 

[mbar] 
End 

[mbar] 
Mean 

[-] 
Mean 
[%] 

2.15 
±0.05 

2.00 
±0.05 

5.55 
±0.05 

5.35 
±0.05 

(9.39 ±2.66) 
·102 

99.890 
±0.031 3M 2135 

(FFP 3) 1.05 
±0.05 

1.00 
±0.05 

3.15 
±0.05 

3.20 
±0.05 

(9.74 ±2.76) 
·103 

99.989 
±0.003 

1.55 
±0.05 

1.50 
±0.05 

5.45 
±0.05 

5.65 
±0.05 

(1.50 ±0.42) 
·104 

99.992 
±0.002 3M 5935 

(FFP 3) 1.00 
±0.05 

1.00 
±0.05 

3.35 
±0.05 

3.40 
±0.05 

(3.76 ±1.06) 
·104 

99.997 
±0.001 

3.00 
±0.05 

2.45 
±0.05 

3.65 
±0.05 

3.95 
±0.05 

(3.03 ±0.86) 
·101 

96.661 
±0.944 3M 9320 

(FFP 2) 2.15 
±0.05 

1.90 
±0.05 

3.35 
±0.05 

3.45 
±0.05 

(1.24 ±0.35) 
·102 

99.187 
±0.230 

Dräger Type 
680 (FFP 3) 

1.00 
±0.05 

1.00 
±0.05 

5.45 
±0.05 

5.45 
±0.05 

(2.37 ±0.67) 
·105 

99.999 
±0.000 

4.4.2 Comparative Evaluation 
4.4.2.1 Standards  
In Tab. 6 the FFP standard for each filter type is indicated. According to the definition of FFP 
standards, FFP 3 filters should guarantee a protection factor in terms of mass concentration of 
100 (i.e. a retention of 99%). On the other hand, a FFP 2 filter type has to decrease 
concentrations by a minimum factor of 17 corresponding to a retention of 94% (DIN, 2001)83.   
Fig. 32 depicts the performance for a filter of each standard (3M 2135 and 3M 9320). In both 
cases, the initial flow rate was around 2.15 m3/h, which ensured direct comparability of the 
measurements. As expected, there was a considerable difference of a factor of 7.6 between the 
analysed filter classes. Along with the increased protective performance, resistance of the FFP 3 
filter was higher (5.55 versus 3.35 ±0.05 mbar). 

                                                      
80 The resistances measured are slightly above the limits specified in the corresponding standards EN 143:2000 (DIN, 
2000) and 149:2001 (DIN, 2001). This is due to the resizing of the filters to accommodate the testing of different 
filter types with one experimental setup. 
81 Due to the friction of the water column inside the piezomanometer and the small differences in pressure between 
the beginning and the end of each measurement, an increase in pressure drop was not always measured (Tab. 6). 
82 In line with the requirements of standard EN 143:2000, an averaging period of 30s was applied starting 3 min after 
the beginning of the measurements (DIN, 2000). This seems reasonable in order to ensure removal of residual 
particles initially trapped in the measurement system. According to the data (Fig. 32, Fig. 33, and Fig. 34), 3 min 
periods were sufficient to establish steady state.  
83 Note that the two norms EN 143:2000 (DIN, 2000) and EN 149:2001 (DIN, 2001) differ considerably with respect 
to the definition of FFP 3. While EN 143:2000 defines a minimum retention of 99.95%, the EN 149:2001 defines 
99.00% retention as sufficient. Despite the indication of EN 143:2000 on the packaging of the investigated FFP 3 
filters, the newer standard definition was applied in this study, which is in line with current FFP explanations of filter 
manufacturer and retailer.  
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Fig. 32: Filter performance [number concentrations in p/cm3] of different filter standards with time [min] 
(initial flow: 2.15 m3/h). The triangles indicate the data range used for calculating the values outlined in Tab. 6 
(refer to footnote 82). 

4.4.2.2 Flow Rates 
If performance of the same filter type is compared at different flow rates, lower flows generally 
yield a higher performance in either case (Tab. 6). For instance, performance of the filter type 
3M 2135 decreased by a factor of 10 for a twofold higher flow rate (Fig. 33). As one might 
expect, pressure drop was also increased along with the augmented flow rate. The importance of 
flow rates on the protection efficiency has been described in different studies focussing 
particularly on this issue (Gardner, Richardson, & Rengasamy, 2005; Stevens & Moyer, 1989).   
These findings clearly demonstrate that lower flow rates are not only desirable in terms of 
breathing resistance but also conducive to filter efficiency. Hence, large filter surfaces are 
indicated for respirators (refer to the discussion section  5.3).  

4.4.2.3 Surface Areas 
If filters of the same standard but with considerably different impact areas84 are compared, a 
substantial difference in performance is observed: Taking the plane filter 3M 2135 again as a 
starting point, the comparison to the corrugated Dräger filter type 680 yielded a difference in 
protection factor of one order of magnitude (Fig. 34). Note that both filters have the same 
performance standard and that the applied flow rates were similar (1.05 and 1.00 (±0.05) m3/h, 
respectively). It has to be stressed, though, that the Dräger filter was the only pre-used sample. 
Therefore, substantial clogging might possibly account for some of the observed performance 
increase (Brown, 1993).  

                                                      
84 In contrast to the surface area, which is equal to the orifice of the testing construction (Fig. 9), the impact area 
hereafter denotes the effective filter area including the surface-enhancement by wrinkles.  



 
Occupational Exposure to Nanocompounds                                                                                                Philippe Peter 

 

 68 

1

10

100

1000

10000

100000

1000000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Runtime [min]

N
um

be
r c

on
ce

nt
ra

tio
n 

[p
/c

m
3 ]

High flow rate: 2.15 - 2.00 m3/h (3M 2135)
Low flow rate: 1.05 - 1.00 m3/h (3M 2135)

9.39•102 9.74•103

►

►

 
Fig. 33: Filter performance [number concentrations in p/cm3] with time [min] at different flow rates. 
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Fig. 34: Dependence of filter performance [number concentrations in p/cm3] on filter surface area during 40 
min.  
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4.5 Occupational Exposure Modelling 
In addition to field measurements, simple models represent an important tool for investigating 
occupational settings with respect to potential exposures. For the present case, a one-box model 
is proposed.  

In a first step, the prerequisites for a one-box model and the applicability of the simplifying 
assumptions outlined on p. 38 et seq. are compared with the experimental results. Subsequently, 
the modelling parameters (i.e. the room volume V, the emission rate E, and the air exchange rate 
kvent) are determined and model performance is investigated by comparison with measurement 
data. 

4.5.1 Applicability of One-box Model 
4.5.1.1 Compliance with Prerequisites of One-box Models 
The main requirements for the application of a one-box model are met in the investigated case:  

(i) The production unit was identified as the main particle emission sources. Based on 
discolorations observed on the doors and connections of the reactors, the conclusion was 
drawn that particles were discharged unintentionally into different directions throughout 
the production area. The production unit, which itself has a considerable size, can 
therefore not be characterised as a distinct point source.  

(ii)  The experimental results unambiguously indicate that there were no significant positional 
differences in concentration levels within the production area. As the mixing time was 
evidently negligible compared to the operators’ exposure period, complete mixing could 
be assumed without the introduction of additional mixing factors.  

As a result, a simple one-box model was applied. 

4.5.1.2 Adequacy of Simplifying Assumptions 
The equation (3.6) based on mass conservation and concentration homogeneity was obtained by 
applying four simplifying assumptions, which shall be examined in this section.  

First, the air exchange rate, kvent, was assumed constant. As a first approximation, this seemed 
applicable in the given setting if the gate to the hall remained closed and the storm ventilation 
was not operating85. However, due to the nature of the production process, which was likely to 
induce thermal convection, kvent may have been reduced once the reactors were stopped.  

Second, the emission rate, E, was also assumed constant during actual production and set to 
zero after production end. Again, this might be applicable as a first approximation although 
changes in emission within the same day and between different days were probable due to the 
varying number of reactors running and repeated installation changes.  

Third, sinks were deemed negligible (ks = 0): While for aerosols below 100 nm the particle 
lifetime is limited by diffusion and coagulation processes (with subsequent deposition), particles 

                                                      
85 The gate was normally closed during production time except for deliveries of gas (five times lasting between 4 and 
10 min), other vehicles entering the hall (four times up to 9 min) and the cooling of the hall (on one occasion for 38 
min during the starting phase). The six ventilators (storm ventilation) were operating only once on July 11, 2006; 
however, this day was excluded from the data set for different reasons (refer to section  4.2.2.2). 
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larger than 1 µm are removed by gravitational sedimentation (Preining, 1998). Aerosols with 
intermediate sizes – as detected in this study – are likely to reside in the ambient air, i.e. the 
potential sink processes in the intermediate size range are of limited relevance. 

Forth, as a first approximation the environmental concentration was set to zero (Cenv = 0). This 
can be understood as clean air entering the alleged box from the outside. 

4.5.2 Determination of Parameters 
4.5.2.1 Dimensions of the Production Site 
Complete mixing was assured for the investigated production site; hence, the assigned box base 
area corresponds to the actual production area. For the purpose of this study, three quarters of a 
rectangular area described the corresponding base area (Fig. 10). As the ceiling of the 
production site was not closed, a height of 5.0 m was assumed. This yielded a box volume V of 
577 m3, which seems to be within the range of common one-box volumes (Cherrie, 1999). 

4.5.2.2 Emission Rate Determination 
According to equation (3.9), the slope of the number concentration over time is relevant for the 
calculation of the emission rate. As this estimation method assumes no particle losses, it is 
advisable to take the slope from the starting phase of the production. In this phase, room 
concentrations were still low and particle losses due to air exchange were therefore less 
important relative to the particle generation rate86. The slope from the starting phase along with 
the room volume indicated an emission rate of 3.16·1011 p/min. As outlined on p. 40, the 
emission rate was alternatively estimated from the measured steady-state concentration, which 
yielded an almost identical emission rate of 3.18·1011 p/min. As soon as the production unit 
ceased operation, the emission rate was set to zero (i.e. E = 0). 

4.5.2.3 Air Exchange Rate 
In a first approach, the air exchange, kvent, was estimated from the concentration decrease 
assuming zero emission. As other sink processes are negligible (see above), this method was 
applicable. There were two possible ways to derive kvent from the concentration decline: The air 
exchange could be estimated either from a fitted exponential curve according to equation (3.7) 
or from the two slopes of the linear regressions of the average concentration development along 
with equation (3.6). As one might expect, the rate for the exponential decline lies in between the 
two rates for the early and advanced linear decline (Tab. 7). The R-squared values of the 
different decline approximations illustrate that the exponential and the early linear 
approximation were of similar quality (0.95 and 0.91, respectively). For the basic model, the 
kvent value derived from the slope of the early decline was chosen for the following reason: The 
air exchange derived close to the transition between production and decline may represent an 
intermediate condition between the ventilation situation during production (probably increased 
due to thermal processes) and the decline phases (possibly reduced because of limited thermal 
mixing).  

 

 
                                                      
86 Due to the multiple particle sources along the production unit, direct determination of emission rates could not be 
performed. Hence, the outlined calculation out of room concentrations was applied.  
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Tab. 7: Air exchange rates [h-1] calculated from decline. 

 
 

 
 
The air exchange rates applied in the modelling study of Cherrie (1999) range from 0.3 to 30 air 
exchanges per hour; if no mechanical ventilation system is in use, the rates are normally around 
1 h-1 (Bruzzi et al., In preparation). These values from literature illustrate that the derived air 
exchange rates in Tab. 7 are within the range (lower end). 

4.5.2.4 Initial Starting Concentration 

As defined in section  3.5.2, C(t) denotes particles which derive from the production only. 
Number concentrations reached background levels approximately 3 hours after production had 
ceased. Therefore, an initial concentration C(0) of zero can be assumed.  

4.5.3 Reproduction of Measurements 
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Fig. 35: Modelled number [p/cm3] concentration versus measured average concentration [p/cm3] course. The 
vertical lines subdivide the different phases (as in Fig. 18): II. Reactor cleaning87. III. Starting phase. IV. 
Steady state. V. Early decline. VI. Advanced decline. According to the definition, C(t) reflects particles 
deriving from production only. Therefore, the average background was deduced from the measured 
concentration. The error bars reflect the standard deviation of 5 min intervals.  

 
 

                                                      
87 For the determination of the time length of reactor cleaning, the average duration of all measurement days was used 
(treactor cleaning = 16 min). Note that the emissions of the reactor cleaning were not modelled (refer to the discussion 
section  5.4). 

Decline approximation Air exchange rate kvent [h-1] 
Linear early decline 0.706 
Exponential decline 0.354 
Linear advanced decline 0.193 
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The modelling results were obtained using equation (3.7) along with the parameters derived in 
the previous section. Fig. 35 depicts the comparison of modelled and experimental data.  

On the one hand, the model succeeded in reproducing the qualitative concentration course 
particularly in the decline phase. The calculated steady-state concentration – an important 
characteristic for exposure – matched the average value determined by measurements: The 
subtraction of the average background concentration (8,500 p/cm3) yields an average steady-
state concentration of C∞, measured = 46,900 p/cm3 (refer to section  4.2.5.1); the modelled steady-
state concentration is C∞, model = 46,500 p/cm3.  

 ln(1 )
c

vent

c
k

τ −
= −    ( 4.3) 

On the other hand, the model revealed a major limitation, possibly due to the parameters used: 
The time to reach 90% of the steady state, τ90%, is 196 min according to equation (4.3) with c = 
0.9. This is considerably longer than the τ90% observed from the average measurement data (60 
min according to Fig. 35). As a result, the steady state was not entirely reached and 
concentrations during the starting phase were underestimated. 
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k vent *  = 2.08 h-1

 
k vent = 0.706 h-1

 
Fig. 36: Modelled number [p/cm3] concentration versus measured average concentration [p/cm3] course if a 
second air exchange rate is introduced (refer to the caption of Fig. 35 for additional explanations).  

As addressed in section  4.5.2.3, the production unit may act as a heat source probably increasing 
the air exchange rate by convective air losses and thermal mixing during the time of its 
operation. If two separate air exchange rates for the time of reactor operation and the decline 
phases are assumed, the earlier may be derived by a back calculation from the time to reach 
50% of the steady-state concentration, τ50%, according to equation (4.3) with c = 0.5. This yields 
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a kvent* of 2.08 h-1, which is thrice as high as the air exchange rate during the decline phases88. 
Fig. 36 illustrates the model calculations, if a separate air exchange rate was applied during the 
operation of the production unit.  

The reproduction of the measurements and the examination of different ventilation rates are 
further examined in the discussion section  5.4 together with the general strengths and 
weaknesses as well as potential improvements of the applied model. 
 

                                                      
88 According to equation (3.8), this entails a triplication of the emission rate, if the volume remains unchanged and 
the correct steady state shall be reached. Note that this approach – in contrast to the outlined parameter derivation in 
 3.5.2 and  4.5.2, respectively – is based on the value of the measured steady-state concentration, C∞, measured. 
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5. Discussion 
In this chapter, the main findings of the case study are discussed. First, the experimental results 
regarding mass and number concentration ( 5.1), particle size distribution ( 5.2), and mask filter 
performance ( 5.3) are examined in a collective manner and compared to previous research in the 
corresponding fields. Subsequently, the adequacy and limitations of the proposed one-box 
model are critically reviewed and potential improvements are suggested ( 5.4). Thereafter, the 
scope and limitations of the study are addressed with respect to the complexity of the case and 
methodological constraints due to the experimental design and instrumental restrictions ( 5.5). In 
the final part, case-specific implications based on the experimental findings and observations in 
the field are briefly outlined from an occupational perspective ( 5.6.1). Ultimately, the discussion 
is rounded off by considering the importance of this study for occupational health and safety in 
the realm of nanoparticle exposure ( 5.6.2). 

5.1 Number and Mass Concentrations 
The average background number concentration of approximately 8,500 p/cm3 was found to be 
relatively stable with respect to different measurement days and positions. Based on the daily 
concentration course derived during production, the four reactors were clearly identified as the 
main particle source: Resulting average concentrations after 1 h of operation were 59,100 p/cm3 
and thus approximately sevenfold the mean background levels. Once production had ceased, the 
exponential decline down to the background concentration level lasted approximately thrice as 
long as the initial build-up time to steady-state levels. The outlined daily concentration patterns 
following production activity was similar for each individual day. 
Whereas the concentration in the near-field position (P5) inside the production area was 
approximately twofold the simultaneously measured concentration observed in the corridor 
(P2), no significant spatial differentiation was found for simultaneous measurements within the 
investigated production site. Furthermore, no correlation could be established between the 
distances to the main particle source (i.e. the production unit) and the corresponding steady-state 
concentration levels. This uniform distribution could possibly be explained by thermal mixing 
induced by the high-temperature process. Moreover, the production unit was relatively large, 
displayed multiple fugitive emissions into various directions, and hence could not be seen as a 
point source. If the reactors were located within a larger production area or exhibited only local, 
unidirectional particle discharge, different concentration levels within the workplace might have 
been found. A spatial differentiation might also have been expected if particle removal 
processes were dominant compared to particle dispersion (refer to  5.2). Based on the finding of 
concentration homogeneity within the production area, an average progression was derived by 
computing the mean concentration developments of all days independent of the measurement 
position. This average progression demonstrated reliable overall correlation of number 
concentration with the production process.  
As aforementioned, the production unit represented the main particle source in the investigated 
facility; according to Aitken, Creely, & Tran (2004), gas phase processes are the only type of 
nanoparticle production methods, which can lead to inhalative exposure to primary 
nanoparticles as a result of “direct leakage from reactor” (Aitken, Creely, & Tran, 2004, p. 33). 
Besides the production unit, the vacuum cleaner was found to be a second important particle 
source; in a previous nanoparticle exposure study by Maynard et al. (2004), vacuum cleaning 
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was also found to be a relevant pulse source increasing number but not mass concentrations. As 
a result, Maynard and associates suggested the employment of a cleaner with a HEPA filtration 
system; however, since the vacuum cleaner employed at the investigated production site was 
near to HEPA standard, high filtration norms may not be the ultimate solution. Finally, powder 
transfers during sieving of the product were suspected to increase particle exposures; however, 
corresponding measurements did not yield a substantial rise in submicron particles, which may 
be explained by the formation of agglomerates in the visible range larger than 1 µm. Similarly, 
Maynard et al. (2004) found no substantial increase in number and mass concentrations during 
events of powder handling. 
 
In contrast to number concentration, the average background mass concentration of 0.052 
mg/m3 demonstrated large inter-day variability (±203% relative standard deviation). The 
definite reasons for this fluctuation could not be explained despite detailed logging of the 
activity exterior to the actual production area. If the two major outliers in the background mass 
concentration are excluded from the measurement set, a comparison with data from the NABEL 
network indicates a correlation between outdoor PM10 and indoor PM1 mass measurements. 
This finding suggests that the additional mass during these two particular days was likely to 
have derived from a source within the production hall.  
As mass concentration varied considerably independent of nanoparticle production, mass 
readings were not found to reflect the production course reliably. Only on days with low 
background mass and comparatively high production number concentrations, was a correlation 
with production found. During such days, the mass contribution from the production was 
important enough when compared to the mass deriving from production-independent 
background sources and hence showed a distinct correlation.  
Furthermore, no stable correlation between simultaneously derived submicron mass and number 
concentrations was observed in the investigated case study. Comparable findings were obtained 
by Mönkkonen et al. (2005), who investigated mass and corresponding number concentrations 
of PM1 in households. Furthermore, no direct correlation between mass and number 
concentration time series was found for CNT exposures in the study by Maynard et al. (2004). 
With respect to the investigated case, the average particle size distribution may provide an 
explanation for the unreliable correlation between total mass and number concentration89: The 
distribution indicates that a large proportion of the measured particles was in the low size range. 
While measures based on particle numbers are size independent, mass concentrations are 
dominated by particles in the upper size boundary. For instance, one particle with a diameter of 
200 nm has 0.8% of the weight of a particle with a diameter of 1 µm. Hence, a few large 
particles near 1 µm (e.g. from background sources) could be sufficient to offset the total change 
in mass induced by a high number of production-related particles around 200 nm90.  
 
The mean steady-state number and mass concentrations of submicron particles at the production 
site amounted to 59,100 p/cm3 and 0.188 mg/m3, respectively. As outlined in the introduction, 
only limited research on occupational exposure to engineered nanoparticles could be found. 
Nonetheless, in order to provide a comparison basis, number and mass concentrations of the 
                                                      
89 The following reasoning assumes that the distribution represents average conditions of all measurement days.  
90 Furthermore, the applied optical dust monitor disregards particles below 100 nm due to its mode of operation (p. 
26). Similar to the calculation delineated in section  4.3.3, mass concentration below 100 nm may possibly be 
estimated from the corresponding number concentration in this size range. 
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investigated site are related to figures measured in special environments. The entire set of 
compiled data is outlined in appendix A.3; hereafter, only an exemplary selection of particle 
concentrations is indicated (refer to Tab. 8). However, the suggested comparisons need to be 
considered with precaution due to multiple reasons: (1) Instrumental and methodological 
approaches applied in the outlined studies are dissimilar; as delineated in section  2.2.1.2, 
different devices may derive different measures. (2) The measurements of mass and number 
concentration do not always include the same particle size range. (3) The underlying averaging 
periods and number of samples are different. (4) Finally, the selected studies cannot be claimed 
to be representative for the specified environments. To alleviate these inherent difficulties and 
prevent direct inter-comparisons of the outlined studies, concentrations in appendix A.3 are 
complemented by a brief description of the indicated values. 

Tab. 8: Particle number concentrations [p/cm3] and mass concentrations [mg/m3] in different environments 
(refer also to appendix A.3).  

Description of the 
environment 

Number 
concentrations 

[p/cm3] 

Mass 
concentrations 

[mg/m3] 
Reference 

Ambient urban air  15,300 0.006 Penttinen et al. (2001) 

Analysed study site 59,100 0.188 Present case study 
Production of CNT Up to 80,000 Up to 1.60a) Maynard et al. (2004) 

Welding 250,000 1.38 Stephenson, Seshadri, & Veranth (2003) 
Residential house 27,000 to 180,000 0.016 to 0.745 He, Morawska, Hitchins, & Gilbert (2004) 
Major highway 180,000 to 350,000 0.020 to 0.025 Zhu, Hinds, Kim, Shen, & Sioutas (2002) 

a) Estimations from elemental analysis of additional filter samples indicate that mass concentrations deriving from CNT only 
remained below 0.053 mg/m3 (Maynard et al., 2004). 
 

In a first comparison, concentrations encountered at the examined site appear to be moderate 
when contrasted to some of the values in Tab. 8 and in appendix A.3: The concentration 
measured in different workplaces, households, and urban environments can be up to 25 times 
the steady-state concentrations obtained at the investigated site. A compilation of aerosol 
exposures by Aitken, Creely, & Tran (2004) indicate a similar interpretation for different 
industrial branches91.  

On closer examination, the study by Maynard et al. (2004) found number and mass 
concentrations of airborne CNT to be in the same range as nanoparticle concentrations in this 
case study. With respect to welding – an activity known to yield high submicron particle 
exposures92 – the number concentrations derived in the present study are four times lower 
(Stephenson, Seshadri, & Veranth, 2003). Moreover, short-term exposures in residential homes 
– particularly during cooking activities – can surpass the number concentration measured at the 
production site (He, Morawska, Hitchins, & Gilbert, 2004). Finally, a study by Zhu, Hinds, 
Kim, Shen, & Sioutas (2002) illustrates that number concentrations derived from road traffic 
near a major highway can be considerably above the concentrations measured at the 
investigated production site. However, as the figures have been derived under different 
conditions, the outlined comparisons can only provide an indication for the corresponding order 

                                                      
91 However, the publication discloses no details regarding size range, mean, or peak value and is therefore not 
incorporated in appendix A.3. 
92 According to the SUVA, number concentrations up to 106 p/cm3 have been measured in welding sites (M. Truffer, 
SUVA, personal communication, June 23, 2006). 
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of magnitude. Furthermore, likely differences in toxicities of the diverse particles should not be 
disregarded: Submicron particles generated as by-products of human activity and purposely 
functionalized nanocompounds may have similar general adverse effects – such as outlined in 
section  2.1.2.1 – but vary considerably with respect to the severity of the health effects and 
specific reactions. 

5.2 Particle Size Distribution  
The absolute concentrations of the individual size bins are underestimated due to increased 
diffusion losses in the high size range mode (i.e. low sheath and aerosol flow rates). 
Consequently, calculation of mass out of number concentration generates low estimates and 
may therefore be an inadequate approximation. In contrast, the qualitative shape of the size 
distribution is similar for both the low and the high size range profiles in the overlapping range 
and, as expected due to the product design93, reveals a peak in concentration around 200 nm. 
Approximately one third of the measured particles at the investigated production site had a 
mobility diameter smaller than 100 nm. Depending on the particular properties of the produced 
nanocomposites, characteristic nanotoxicological effects, as described in section  2.1, may 
therefore also be relevant for the investigated case. However, only limited information 
concerning uptake and translocation was available and no toxicological data was found in 
literature (appendix A.4, confidential). 

As outlined in section  4.5.1.2, particles larger than 1 µm are removed by gravitational 
sedimentation. Aerosols with a diameter below 100 nm are removed by diffusion leading to 
particle collision, coagulation, and subsequent deposition. Particles in the intermediate size 
range are likely to accumulate (Preining, 1998)94. The size distribution reveals that 
approximately 30% of the measured particles were smaller than 100 nm. The remaining 70% 
belonged to the intermediate range, the so-called ‘accumulation mode’ (Preining, 1998, p. 482); 
these particles therefore remained relatively long in the ambient air and had enough time to 
disperse throughout the production site sustaining the formation of a uniform concentration 
distribution (refer to section  5.1). Although not reflected by the air velocity measurements 
derived in different positions inside the production area, the rapid mixing observed in the field – 
compared to removal processes – could possibly be explained by thermal convection due to the 
high-temperature production process along with the operators’ movements.  

The observed homogeneity in number concentrations throughout the production site may 
furthermore suggest that agglomeration, reducing the number of particles, was either not 
dominant or occurred very fast before particles were detected even in positions close to the 
reactors. However, the average size distributions during the starting phase, the steady state, and 
the early and advanced decline reveal a small shift to larger particles. This alteration in the size-
distribution profile, especially after production had ceased, may be attributed to agglomeration. 
Data from the literature indicates that agglomeration was possible within the observed time 
frame: During the size-distribution measurements, an average mass concentration of 0.053 
mg/m3 was observed; according to Preining (1998), agglomeration half-life for particles with 

                                                      
93 M. Height, HeiQ Materials Ltd., personal communication, September 11, 2006. 
94 The so-called three-mode distribution for atmospheric aerosols was originally proposed by Whitby in 1975. 
Depending on the particle size, he proposed the nucleation mode for particles up to 100 nm, the accumulation mode 
for intermediate particles sizes and the coarse mode for aerosols larger than 1 µm. 
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diameters up to 20 nm are below 1 h for ambient mass concentrations between 1 µg/m3 and 1 
mg/m3 (refer to Tab. 9)95. However, the observed shifts in size distribution could also have been 
a consequence of the influence of the background particle size distribution: The general average 
background level of 8,500 p/cm3 was 24% of the production steady state and 59% of the 
advanced decline level derived at the day of size-distribution measurements – and hence not 
negligible96. The size distribution of background particles may therefore have had an influence 
on the overall size distribution (reflecting particles from production and background sources)97. 
This background influence would have been larger during the starting and the decline phase, 
when the contribution from production-related particles was smaller compared to the steady-
state phase.  

Tab. 9: Half-life [s] of agglomerating nanoparticles at different concentrations (adapted from Preining, 1998, 
p. 490).  

Half-life [s] for different aerosol mass concentrations (particle density = 1 kg/m3) Particle diameter 
[nm] 1 g/m3 1 mg/m3 1 µg/m3 1 ng/m3 
0.5 3.9·10-7 3.9·10-4 3.9·10-1 3.9·102 
1 2.2·10-6 2.2·10-3 2.2·100 2.2·103 
2 1.2·10-5 1.2·10-2 1.2·101 1.2·104 
5 1.2·10-4 1.2·10-1 1.2·102 1.2·105 
10 7.0·10-4 7.0·10-1 7.0·102 7.0·105 
20 3.8·10-3 3.8·100 3.8·103 3.8·106 

No definite conclusion can be derived from these preliminary findings and further 
measurements are necessary to prove any reasoning on the relevance of agglomeration and 
background particles on the aerosol size distribution at the investigated production site.  

5.3 Mask Filter Performance 
Filter efficiency is not only relevant with respect to personal respirator performance but also 
important for ventilation and cleaning systems relying on these materials. Only limited research 
investigating filter performance with respect to engineered nanoparticles was found (p. 14). 
However, due to Brownian motion (refer to section  2.2.2.2), a high level of filter performance is 
consistently anticipated for nanoparticles by authors of major occupational reviews (Aitken, 
Creely, & Tran, 2004; Mark, 2004a; Maynard & Kuempel, 2005; Ostiguy et al., 2006). These 
expectations are in line with the findings derived in this study: The retentions measured under 
production conditions at the investigated production plant were between 96.661 and 99.999% in 
terms of number concentration. Paszkiewicz & Möhlmann (2005) investigated filter 
performances with sodium chloride aerosols predominately in the size range of 40 nm; similar 
to this study, they measured number concentration before and after the filter and found 
retentions higher than 99%.  

                                                      
95 No coagulation rates were found for larger nanoparticles. According to Maynard & Kuempel (2005), 
approximately 50% of the particles in the nanometre size range are removed by coagulation within 33 min if ambient 
number concentration amounts approximately 106 p/cm3. 
96 On average, the mean background concentration comprised 14% of the steady state and 45% of the corresponding 
advanced decline level. At the day of size-distribution measurements, the steady-state concentration was reduced (i.e. 
36,000 p/cm3) due to the shutdown of two reactors at the production beginning and multiple interrupts in course of 
the production. 
97 No background measurements were derived with the instrumental configuration for the high size range (refer to 
section  4.3.2).  
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As efficiency depends on particle size (refer to Fig. 1, p. 14), performance in terms of number 
concentration cannot directly be related to efficiency specified in mass concentration. A back-
calculation of mass from number concentrations cannot be applied if the particle size 
distribution after the filter is not known. As a result, direct comparison with the applicable 
mass-based standards (DIN, 2000; DIN 2001) cannot be performed. However, the measured 
average size distribution indicates a mean particle diameter close to the MPPS range of 100 to 
300 nm. Therefore, filter performance may provisionally be compared to the standards specified 
in terms of MPPS in the relevant norms. As derived from Tab. 6 (p. 66), the mean retention of 
the investigated FFP 2 filter type is above 94% in terms of number concentration; similarly, the 
standard of 99% retention is met for all investigated FFP 3 filters.   

Testing in the present study was performed under moderate flow rates due to technical reasons 
(refer to section  5.5). The results in section  4.4.2.2 indicate for instance that a twofold increase 
in inhalation rate (i.e. high workload) reduces filter efficiency by a factor of 10. Balazy et al. 
(2006) performed manikins-based tests using sodium chloride aerosols ranging form 10 to 600 
nm; the corresponding results demonstrate that at higher flow rates (i.e. 5.1 m3/h)98, the 
threshold of 5% penetration (as defined by the corresponding filter standards) can be exceeded. 
Gardner, Richardson, & Rengasamy (2005) analysed filter performance with nano-aerosols 
(median diameter between 20 and 100 nm); again, penetration above the specified filter 
standards of 5% and 0.03% were observed for peak flows up to 26 m3/h.  
Furthermore, the findings of this study demonstrate higher filter performance for larger filter 
impact areas if the same overall flow rates and filter standards are compared. This is in line with 
the observations outlined in the previous paragraph: If the same overall flow rates are applied, 
filters with enhanced impact area are subject to lower flow rates per unit of filter area and hence 
increase the probability of impact for an individual particle. With respect to respirator design, 
these results along with findings from literature infer that large filter areas are desirable. 
Finally, filter resistance tended to increase during the measurements. Correspondingly, the flow 
rates decreased over the testing period by up to 18%. The demonstrated rise in resistance can be 
explained by filter clogging, which is fostered by unidirectional flow through the filter. This 
conclusion is in line with current understanding of increased filter resistance with augmenting 
particle loading (Brown, 1993; Novick, Monson, & Ellison, 1992).  
 
In this study, the evaluation of respiratory protection equipment was confined to the appraisal of 
filter performance. However, many authors emphasise that – in terms of overall respirator 
performance – face-seal leakage predominately around the nose, cheek and chin is generally 
more relevant than filter efficiency (Aitken, Creely, & Tran, 2004; Lee et al., 2005; Mark, 
2004a; Ostiguy et al., 2006; Paszkiewicz & Möhlmann, 2005). Hence, the major problem of 
respiratory protection is associated with the tightness of the mask, its comfort and maintenance 
rather than dependent on filtration performance (Ostiguy et al., 2006)99. Since leakage has 
consistently been identified as the dominant problem in the realm of respiratory protection, 
mask fit-testing to ensure maximum protection has proved to be of great importance (Coffey, 
Campbell, & Zhuang, 1999).  

                                                      
98 This rate corresponds approximately to the average inhalation rate of men with heavy workload (Paustenbach, 
2002, p. 655).  
99“La principale problématique de la protection respiratoire est plus reliée à l’efficacité de l’étanchéité du masque, 
au confort et à son entretien qu’à sa performance de filtration” (Ostiguy et al., 2006, p. 53). 
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5.4 Occupational Exposure Modelling  
As demonstrated in chapter  4.5.1.1, the prerequisites for the implementation of a simple one-
box model (i.e. no distinct point source and spatial concentration homogeneity) were met in the 
given production setting. The application of the one-box model illustrates that the modelled 
concentration course follows the measured progression within the variation of the experimental 
data. The proposed model, however, does not account for emission pulses resulting from the use 
of the vacuum cleaner. Therefore, the present version of the model reflects neither the reactor 
cleaning at the beginning of each production day nor concentration increases during irregular 
maintenance and cleaning activities. As demonstrated in section  4.2.3.3, vacuum cleaning 
during major maintenance work may build up considerable particle concentrations; in contrast, 
pulse emissions caused by the initial reactor cleaning are not thought to be particularly relevant 
compared to the overall exposure (refer e.g. to the exemplary profile on p. 48).  
Nevertheless, the results indicate that a satisfactory model performance may be achieved with a 
simple one-box model. If more sophisticated models (e.g. CFD model) were applied, additional 
parameters such as diffusion rate constants would be required. As each of these parameters 
normally needs to be estimated, derivations and generic assumptions may be necessary100. A 
more complex model may reflect the situation in greater detail, but conversely increase the 
overall uncertainty of the compiled results. Consequently, it appears reasonable to pursue 
further the proposed one-box model by improving the current version. 

Refinement of the Simplifying Assumptions 
While disregarding sink processes (ks = 0) and particles in the environment101 (Cenv = 0) 
appeared applicable, a constant air exchange and emission rate may not be appropriate (refer to 
section  4.5.2): 

On the one hand, the estimated air exchange rate allowed reproducing the concentration drop 
particularly well, since kvent was derived from the decline phase. On the other hand, the model 
failed to reach steady state within the time indicated by the measurement results if a single kvent 
was applied (196 versus 60 min). According to equation (4.3), time to reach 90% of the steady 
state, τ90%, directly depends on the air exchange rate. As addressed in section  4.5.2.3, kvent 
derived from the decline phase may underestimate the effective ventilation during production: 
During reactor operation, kvent is probably increased due to thermal mixing induced by the high-
temperature production process. The ventilation rate during reactor operation may be back 
calculated from the time to reach 50% of the steady state. As shown in Fig. 36, the introduction 
of a second air exchange rate during reactor operation improves considerably the reproduction 
of the measured data – particularly in reaching steady state – and allows following the general 
production pattern.   

It was observed that the number of operating reactors had a direct influence on the 
concentration. Hence, with respect to the emission rate, the model may be adapted by 

                                                      
100 According to a survey amongst occupational hygienists, proposed models are often perceived to be too 
sophisticated to apply in practice (e.g. number of unknown parameters) or too simple to be trusted (e.g. disregarding 
important exposure determinates) (Bruzzi, Vernez, Droz, & De Batz, 2005). 
101 Note that particle concentrations in the context of modelling denote solely particles coming from the production 
(refer to  3.5.2). 
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generating an emission rate depending on the number of operating reactors102. This would allow 
taking an important determinant of inter-day variability into account. As a result, the model may 
then also be applied to reflect inter-day as well as intra-day variability. 

Reduction of Parameter Uncertainty 
The inherent uncertainty in the three main model parameters (V, E, and kvent) is considerable and 
needs to be alleviated:  

The production site was not an enclosed room (refer to  3.1.4). The box volume in this case was 
thus not determined in absolute terms and therefore had to be estimated. With respect to the 
base area, the simultaneous measurements indicate that complete mixing holds within the 
production site. However, the box volume may still be adjusted due to the uncertainty of 
perpendicular rising of the particles. Additional number concentration measurements in the 
vertical direction would provide corresponding indications and allow refining the generic 
assumption of 5 m height.  

The accurate determination of the emission rate is a general problem of exposure modelling 
(Bruzzi et al., In preparation). As the derivation method of emission rate applied in this study 
depends on the box volume, the estimate of E is largely influenced by the correct volume. A 
better indication of the emission rate may be attained, if – analogous to the study by Maynard et 
al. (2004) – a temporary enclosure of the production unit was erected to directly derive the 
emission rate from the reactors. However, as mentioned in section  3.3.2.1, this method was not 
attainable due to the given production setup.  

Finally, with respect to the ventilation rate, the comparison of modelled and measured 
concentrations (Fig. 35) as well as the application of a varying kvent (Fig. 36) indicates that the 
air exchange rate is probably not constant. However, supplementary air velocity measurements 
above the reactors during the production and decline phases did not allow establishing a 
concrete explanation for enhanced thermal turbulence during operation (results not shown). The 
applied anemometer is designed for unidirectional airflow measurements and may hence not be 
the optimal method for reflecting turbulence caused by thermal sources.  
 
Indoor exposure models are generally developed for predicting the effect of intended changes in 
occupational settings (Bruzzi et al., In preparation). However, the parameters of the presented 
one-box model were derived from the complete measurement set. An additional, independent 
series of data is therefore needed for validating the model before it can be used for predictive 
purposes. Once the model has been validated, the importance of the influencing primary 
parameters (i.e. V, E and kvent) can be analysed by creating different scenarios. Thereby, the 
potential effect of additional measures such as increased ventilation rate, reduced emissions, or 
changes of the room volume may be investigated.  
 
 

                                                      
102 Alternatively, in a first attempt, the slope for each individual day could be used to generate day-specific emission 
rates. This would also allow taking installation changes into account. 
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5.5 Scope and Limitations of the Study 
Although the examined production system allowed industrial-scale production of the 
investigated nanocompound, the facility was a pilot plant and hence, in the constant process of 
optimisation. This signified repeated modifications of the installation and production procedure 
during the measurement period. For instance, seals were successively applied to minimise 
fugitive emissions from the production unit. The number of operating reactors was subject to 
frequent fluctuations due to technical constraints. Also the size of the production batches varied 
between different measurement days. The production was accompanied by changes in the mode 
of operation and in the corresponding monitoring and maintenance activities. Moreover, 
variations in working procedures because of alternating operators and unexpected incidents due 
to the exact nature of a pilot plant were observed. 
As a result, changes in measurement modes and positions were often accompanied by major 
amendments in the production process. These multiple concurrent influences during the 25 
measurement days rendered it difficult to determine conclusive causes for certain observations 
in the readings.  

In addition to the generally acknowledged disadvantages of currently available aerosol 
monitoring devices (section  2.2.1.2), the combined application of the Optical Dust Monitor, the 
Condensation Particle Counters, and the Scanning Mobility Particle Sizers in this case study 
gave insight into further specific instrumental limitations. As the correlation between the 
production and mass concentration profiles was inconsistent, the Optical Dust Monitor proved 
to be not the optimal choice for surveying emissions of the investigated production process. In 
contrast, corresponding number concentrations derived with the particle counters appeared to 
represent a more reliable indicator. However, increased temperatures during some measurement 
days revealed a drawback of the available CPC models (refer to elevated condenser temperature, 
section  4.1.2.3). The restriction imposed by the upper operation temperature limit (i.e. 35°C) 
could generally constrain the applicability of CPC systems for investigating high-temperature 
nanoparticle production processes103. CPC instruments for the nanometre range normally have a 
small upper cut-off point in the region of 1 µm – in contrast to impactor-based devices, which 
can have a higher boundary range of up to 35 µm (Ostiguy et al., 2006). A shift to nanoparticle 
agglomerates larger than 1 µm could be overlooked by CPC models of the type applied in this 
study (refer to section  4.2.3.2), which may be relevant if the total respirable fraction of the 
nanomaterial is of interest. Finally, current occupational standards are still defined in terms of 
mass; converting CPC measurements to mass concentration for analysing compliance with 
current thresholds requires additional size range measurements and information on the physical 
and chemical properties (refer to calculation in section  4.3.3).  
With respect to the SMPS systems applied in the field, the presence of a radioactive source in 
the neutralizer (p. 21) required additional transportation formalities and training. This along 
with the unwieldy size and complexity (refer to difficulties outlined in  4.1.2) may partly explain 
the limited use of SMPS instruments for assessing workplace exposures (Aitken, Creely, & 
Tran, 2004). Moreover, the study showed the limited accuracy of absolute concentrations 
derived by currently available systems. 

                                                      
103 In the investigated case, the elevated temperatures were primarily due to environmental conditions and did not 
result from production (refer to section  4.1.2.3).  
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As outlined in the methodology chapter, none of the three instrument types was designed for 
personal monitoring. However, considerable differences can exist between personal and static 
measurements (Lange, 2003). Brouwer, Gijsbers, & Lurvink (2004), who explored sampling 
techniques for personal exposure of ultrafine particles in workplaces, emphasized that static 
measurements need to be interpreted with care for personal exposure (Brouwer, Gijsbers, & 
Lurvink, 2004). In the present study, homogenous concentrations were observed throughout the 
investigated production site; therefore, static measurements are considered as a suitable proxy 
for personal exposure in this particular case. However, if personal exposure needs to be 
assessed, sampling with personal filter cassettes – as demonstrated by Maynard et al. (2004) – 
may represent an option for determining personal exposure to nanoparticles104.  
 
The mask filter testing demonstrated that filter performance in terms of number concentration is 
relatively high and adequate within the instrumental measurement ranges. Besides the outlined 
issue regarding the importance of face seal leakage (section  5.3), restrictions imposed by the 
applied testing equipment – particularly the pump – need to be addressed. Due to the upper flow 
rate limit reached by the pump in combination with the different filter resistances, it was neither 
possible to attain equal flow rates nor to match higher breathing rates specified in the literature 
for all filter types. It was however possible to perform measurements with flows reflecting 
breathing rates during moderate work (i.e. between 1.0 and 3.0 m3/h)105. Another related issue is 
that the testing configuration used could not simulate the breathing pattern; authors 
investigating this issue claim that the breathing pattern has an influence on performance results 
(Lee et al., 2005). This is sustained by the comparison of filter efficiency at different flow rates: 
The results derived in this study suggest lower protection for peak flows (refer to p. 79). 
 
Despite the case’s inherent complexity and instrumental limitations, the experimental design 
permitted demonstrating the distinct effect of the production and handling procedures on 
particle number concentration levels in the workplace. Moreover, the experimental settings 
allowed contrasting mass and number concentration readings in parallel and gave insight into 
the underlying particle size distribution. The different measurement positions, setups, and 
modes revealed the spatial homogeneity throughout the investigated site, permitted identifying 
the major particle sources, and enabled to establish the influence of maintenance and cleaning 
operations. Furthermore, the monitoring of ambient conditions demonstrated the limited 
relevance of air velocity, temperature, and relative humidity for number concentrations. Finally, 
the experimental setup allowed the examination of mask filter performance under production 
conditions. However, additional, reliable measurements of the particle size distribution would 
have provided further insight into the evolution of size distribution during production and 
permitted a sensitivity analysis to determine the corresponding influence of ambient conditions. 
Finally, an accompanying toxicological study would have allowed an association between doses 
derived from measured exposures and corresponding health effects.   

                                                      
104 Personal monitoring of total exposure with filter cassettes and subsequent chemical or gravimetrical analysis of 
the residues on the filters represents a current standard procedure in occupational evaluation (cf. Harper, Pacolay, 
Hintz, & Andrew, 2006; Witschger, Grinshpun, Fauvel, & Basso, 2004). A similar approach could hence have been 
adopted also in this case study to determine directly personal exposure by using filter cassettes and chemical analysis 
of a typical element in the nanocomposite. 
105 The inhalation rate for adults with a moderate level of activity is 2.1 m3/h (Paustenbach, 2002, p. 655). 
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5.6 Implications for Occupational Health 
5.6.1 Case Evaluation  
Aside from general protective suggestions derived from situations of hazardous gas exposure 
(section  2.2.2.1), the investigation and observation of the production site revealed further 
measures to enhance occupational protection at the investigated workplace. The subsequently 
delineated points may provide preliminary guidance on how to implement further protective 
measures based on findings derived in this study.  

Technical Measures: As the production was based on a high-temperature gas process and relied 
on regular pressurized air pulses, discharge of nanoparticles from the reactor are more relevant 
than for other nanoparticle production methods (Aitken, Creely, & Tran, 2004). If technically 
feasible, the total enclosure and automatisation of the production unit would probably represent 
the most effective measure in minimizing workplace exposure. Additional sealing of the 
production unit (doors and tubing connections of the reactors) proved to be a critical 
determinant for fugitive emissions. Besides seals, the reduction of the number of tubing 
connections and openings to a minimum would be beneficial. Finally, the vacuum cleaning 
system was shown to be a second relevant particle source; a centralised system in a separate 
enclosed room may alleviate the observed problem of repeated pulse emissions during reactor 
cleaning and maintenance operations.  

Organisational Measures: According to observations in the field, the build-up of number 
concentration in the starting phase was slower than originally perceived by the operators; 
conversely, the decrease in particle levels after the production end took longer than expected. 
Continuous monitoring would help operators to estimate current exposure and identify unusual 
emissions. If permanent surveillance for submicron particles is considered, the experimental 
data demonstrate that not mass but number concentration should be measured to reflect 
emissions at the investigated site.  

Personal Protective Equipment: Inhalation has been identified as the main route for 
nanoparticle uptake into the body. Mask filters proved to be efficient in terms of number 
concentration and the used respirators are therefore deemed adequate if proper fitting is ensured. 
However, continuous working with a half-mask may be tiring and influence adversely the 
operators’ attentiveness. Full-face masks – as proposed by Mark (2004a) and Ostiguy et al. 
(2006) – provide better protection by a slight positive pressure and improved fit. This is also 
reflected by the SUVA guidelines: Full-mask respirators equipped with a FFP 3 filter are 
applicable up to 400-times the MAK concentrations; in contrast, half-masks with the same filter 
type may only be used in environments with up to 30-times transgression of the MAK value 
(SUVA, 2004). Furthermore, full-face masks are more comfortable due to automatic air supply, 
which reduces the breathing resistance. 

5.6.2 Occupational Policy and Nanoparticle Exposure 
From a monitoring perspective, this study provides evidence on the limited suitability of mass 
concentration: It was shown that total mass – in contrast to total number – concentration below 
1 µm might correlate unreliably with nanoparticle emissions from the investigated production 
facility. Parallel mass and number concentration measurements along with the corresponding 
size distribution demonstrated that number concentrations particularly in the smaller size 
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fraction can change considerably without substantial changes in PM1 mass readings. Similarly, a 
study by Peters, Heitbrink, Evans, Slavin, & Maynard (2006) demonstrated in an engine 
machining and assembly site that mass of ultrafine particles is an unreliable indicator for the 
corresponding number concentrations and therefore not appropriate for surveying workers’ 
exposure at the investigated facility.  

From a toxicological perspective, a range of scientific evidence exists that mass concentration, 
in some cases, might be inadequate: Based on the principles of nanotoxicology, some effects are 
solely attributed to the size or the corresponding relative surface area of the particles (section 
 2.1.2.2). Maynard & Kuempel (2005) summarised that the“(…) majority of published studies 
indicate that the toxicity of insoluble particles of similar composition increases with decreasing 
particle diameter and increasing particle surface area, thus challenging current mass-based 
risk evaluation approaches” (Maynard & Kuempel, 2005, p. 607).  

Consequently, several authors suggest that surface area may be a better indicator than mass for 
potential health risks associated with airborne nanoparticle exposure. However, due to the 
outlined limitations (p. 11) of currently available devices (see also Aitken, Creely, & Tran, 
2004), no measurement technique is adequate for routine monitoring of surface area. 
Accordingly, indirect methods using mass or number as a surrogate for surface area have been 
proposed when the particle size distribution is known or the specific surface area is available 
(Maynard, 2003; Maynard & Kuempel, 2005). This study however demonstrated that total mass 
concentration can be an unreliable surrogate in industrial settings, where several relevant 
particle sources in addition to the production of engineered nanoparticles may exist. Based on 
these findings, the suggestion of using number concentration as a proxy for total surface area 
appears thus to be more coherent; supplementary size-distribution measurements (e.g. derived 
by SMPS) would provide an average distribution and – based on particle geometry – allow the 
estimation of total surface area. Continuous number concentration monitoring with readily 
available instruments in conjunction with a set of size-distribution measurements appears to be a 
reliable exposure evaluation strategy combining the monitoring of total surface area, as 
indicated by toxicological evidence, with the current instrumental practicability106. 

As outlined in the introduction, there are currently no specific health and safety guidelines for 
engineered nanoparticles. Regulatory authorities in Switzerland (BAG107 and SUVA) argue that 
further scientific evidence needs to be established and – for the meantime – refer to existing 
regulation such as the precautionary principle (USG108 Art. 1 and 11) and employers’ 
responsibility (UVG109 Art. 82)110. As the current occupational threshold values are mass-
based111, evaluation and mitigation of nanoparticle exposure will consequently focus on 
available mass concentrations in order to achieve compliance and resolve responsibility issues. 
However, the results derived from this workplace exposure study demonstrate the potential 
inadequacy of monitoring mass concentration as an indication of nanoparticle emission. The 
investigations at the industrial production site illustrate furthermore that number concentration 
                                                      
106 Furthermore, this approach allows estimating mass concentrations, which are relevant from the legal point of 
view. 
107 ‘Bundesamt für Gesundheit’, = Federal Office of Public Health. 
108 ‘Bundesgesetz über den Umweltschutz’, = Federal Law of Environmental Protection. 
109 ‘Bundesgesetz über die Unfallversicherung’, = Federal Law of Accident Insurance. 
110 Symposium Nanotoxikologie (Zurich, January 11, 2006) and NanoConvention (Bern, June 23, 2006). 
111 Exception: Exposure limits for fibres are defined in terms of number concentration (section  2.2.2.1).  
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by contrast followed production activity and corresponding monitoring is practicable. If these 
findings are confirmed for other occupational settings in the emerging branch of nanoparticle 
production, regulatory adaptations of the current occupational threshold definitions may be 
enforced to provide a coherent directive for nanoparticle exposure in workplaces. 
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6. Conclusion and Outlook 
Present and future developments in the realm of nanotechnology promise fundamental advances 
in various domains. Considering current R&D activities, an expansion of production from 
laboratory settings to industrial-scale plants is expected. Hence, the number of workers exposed 
to engineered nanoparticles will increase considerably over the next years. Manufacturers, 
insurers, as well as regulators are currently confronted with limited experience in the field of 
occupational nanoparticle exposure and fragmentary knowledge regarding exposure prevention 
and mitigation strategies. 

In this case study, imperative health and safety aspects have been addressed leading to 
important conclusions with respect to the outlined research objective (p. 2):  

 Exposure characterisation demonstrated that particles deriving from production and 
maintenance procedures can be detected in elevated concentration levels throughout the 
workplace.  

 Submicron number concentrations followed the production pattern independent of 
ambient conditions; in contrast, the corresponding mass concentrations did not reliably 
reflect particle emissions challenging the appropriateness of currently mass-based 
occupational limits. 

 The corresponding size distribution was found to include particle fractions in the low 
nanometre size range, which have been associated with supplementary 
nanotoxicological effects. 

 With respect to personal respiratory protection, the readily available mask filters were 
highly efficient in terms of number concentration, which supports the current 
presumption of appropriate filter performance also for novel engineered nanoparticles. 

 Finally, the study illustrated that established indoor exposure models may be adapted to 
reproduce measured concentrations profiles. 

While this study allowed the conclusive examination of important issues at the investigated 
production site, no generalised propositions can be derived at this stage. Due to the diverse 
nature of engineered nanoparticles and corresponding production facilities, a characteristic array 
of different production settings needs to be determined based on an inventory of existing 
production sites. These should then be analysed by implementing a generic approach, similar to 
the one adopted in this thesis, in order to characterise exposure levels, investigate different 
metrics, and assess current preventive measures. The findings of an extended set of comparable 
workplace exposure analyses could provide the foundations for delineating ascertained research 
priorities, which will be indispensable in the rapidly expanding nanotechnological field.  

A prioritisation scheme will provide a framework for the coordination of future research 
initiatives and help develop a necessary consensus on monitoring strategies. Harmonized 
scientific efforts in the field of occupational nanoparticle exposure may ultimately pave the way 
for needed regulatory adaptations of corresponding thresholds and support the development of a 
responsible approach in the realm of nanoparticle production.  
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Glossary of Terms
Aerodynamic diameter  
Diameter of an ideal sphere with a density of 1g/cm3, 
which has the same gravitational settling velocity as 
the particle in question (Baron & Willeke, 2001). 
 
Anemometer 
Instrument for measuring wind velocity. 
 
Asbestosis 
Collective term for disease patterns associated with 
long-term exposure to asbestos (e.g. inflammation of 
the lungs). 
 
Condensation Particle Counter (CPC) 
Device for measuring number concentration of 
submicron particles. 
 
Cut-off point 
Diameter of a particle that has 50% probability of 
being removed by a given device (Baron & Willeke, 
2001). 
 
Electrical mobility 
Ability of a charged particle to move in an externally 
applied electrical field. 
 
Enterocyte 
Type of epithelial cell in the intestines. 
 
Exposure 
Contact with a substance by swallowing, breathing, 
or touching the skin or eyes (ATSDR, 2006). 
 
Fullerene 
Spherical macromolecule with a cavity inside, which 
comprise entirely of carbon atoms (e.g. C60). 
 
HEPA filter 
Type of air filter with minimum 99.97% efficiency 
according to the US MIL-STD 282 for DOP aerosols 
of 0.3 µm (mass median) and a flow rate of 5.1 m3/h 
(Wang & Winters, 2005). 
 
Impactor 
Device which removes particles with inertia above a 
specified limit. 
 
Inhalable size fraction 
Fraction of particles that is inhaled through the mouth 
and the nose (DIN, 1996). 
 
 
 

Logging interval 
Frequency of data recording. 
 
MAK value 
“The MAK value (“maximal Arbeitsplatz-
Konzentration”: maximum workplace concentration) 
is defined as the maximal concentration of a chemical 
substance in the work place air which does generally 
not have known adverse effects on the health of the 
employee nor cause unreasonable annoyance (e.g. by 
a nauseous odour) even when the person is 
repeatedly exposed during g long periods, usually for 
8 hours daily but assuming an average a 40-hour 
working week. As a rule, the MAK value is given as 
an average concentration for a period of up to one 
working day or shift. MAK values are established on 
the basis of the effects of chemical substances; when 
possible, practical aspects of the industrial processes 
and the resulting exposure patterns are also taken 
into account. Scientific criteria for the prevention of 
adverse effects on health are decisive, not technical 
and economic feasibility.” (Deutsche 
Forschungsgemeinschaft, 2005, p. 9). 
 
Mixing factor 
Coefficient by which the actual ventilation is 
multiplied to obtain a lower, “effective” ventilation 
rate. 
 
Mobility diameter 
Diameter of an ideal sphere with the same dynamic 
mobility (e.g. electrical mobility) as the particle in 
question (Baron & Willeke, 2001). 
 
Monodisperse aerosol 
Aerosol consisting of a single size of particles. 
 
Nanocomposite 
Structures consisting of nanoparticles embedded into 
a matrix. 
 
Nanoparticles 
“(…) particles less than 100nm in diameter that 
exhibit new or enhanced size-dependent properties 
compared with larger particles of the same 
material.” (The Royal Society & The Royal 
Academy of Engineering, 2004, p. 9). There is no 
definite terminology (cf. Aitken, Creely, & Tran, 
2004). In this study, the term ‘nanoparticle’ refers to 
particles which are – in contrast to ultrafine particles 
– specifically engineered for a certain purpose; the 
use of the term does not strictly adhered to an upper 
size limit of 100 nm. 
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Nanoparticulate material 
Intentionally engineered materials “(…) that are less 
than 100 nm in at least two dimensions.” (Helland, 
Kastenholz, Thidell, Arnfalk, & Deppert, In press). 
 
Nanotechnology 
„Nanotechnologies are the design, characterization, 
production and application of structures, devices and 
systems by controlling shape and size at nanometer 
scale.” (The Royal Society & The Royal Academy of 
Engineering, 2004, p. 5). 
 
Nanotoxicology 
A subcategory of toxicology to refer to additional 
effects triggered by nanoparticles, which are not 
observed for larger respirable particles of the same 
composition (Donaldson, Stone, Tran, Kreyling, & 
Borm, 2004). 
 
Nanotubes 
Hollow, cylindrical nanoparticles, which have a 
diameter of a few nanometres, are several 
micrometers long and mainly comprise of carbon 
atoms. 
 
Olfactory nerve 
The first cranial nerve which is responsible for the 
sense of smell. 
 
Oxidative stress 
Cellular damage caused by reactive oxygen species 
such as free radicals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Peyer's patches 
Aggregations of intestinal lymphatic tissue. 
 
Polydisperse aerosol 
Aerosol consisting of particles with different sizes. 
 
Respirable size fraction 
Fraction of inhaled particles that reaches the alveolar 
region of the lungs (DIN, 1996). 
 
Rotameter 
Device measuring the flow rate of a liquid or a gas in 
a closed tube by using a floating cone. 
 
Scanning Mobility Particle Sizer (SMPS) 
Instrument for measuring size distributions of 
submicron particles, which consists of two main 
parts, the electrostatic classifier and the condensation 
particle counter. 
 
Silicosis 
Lung condition caused by inhalation of crystalline 
silica dust. 
 
Ultrafine particles (UFP) 
Airborne particles below 100 nm, which occur 
naturally (e.g. volcanic emissions) or as a by-product 
of anthropogenic activities (e.g. combustion 
processes). 
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Abbreviations 
AIHA   American Industrial Hygiene Association 
ATSDR Agency for Toxic Substances and Disease Registry  
BAFU   Bundesamt für Umwelt  

(= Federal Office for the Environment) 
BAG  Bundesamt für Gesundheit 
  (= Federal Office of Public Health) 
BET   Brauner-Emmett-Teller 
CFD  Computational Fluid Dynamic 
CNT   Carbon Nanotubes 
CPC   Condensation Particle Counter 
DEFRA  Department for Environment, Food and Rural Affairs 
DIN  Deutsches Institut für Normierung 
  (= German Institute for Standardisation) 
DMA  Differential Mobility Analyser 
DOP   Di(2-ethylhexyl)phthalate 
EC   Electrostatic Classifier 
ELPI   Electrical Low Pressure Impactor 
EMPA   Eidgenössische Materialprüfungsanstalt  

(= Federal Institute for Materials Testing) 
ESD  Chair of Ecological Systems Design, ETH Zurich 
FFP   Filtering Face Piece 
HEPA   High Efficiency Particulate Air 
ISO   International Organization for Standardization 
MAK   Maximale Arbeitsplatz-Konzentration   

(=Maximal Workplace Concentration) 
MPPS   Most Penetrating Particle Size 
NABEL Nationales Beobachtungsnetz für Luftfremdstoffe  

(= National Air Pollution Monitoring Network) 
NIOSH  National Institute for Occupational Safety and Health 
OPC   Optical Particle Counter 
p   Number of particles 
PM   Particulate Matter 
SEM   Scanning Electron-Microscopy 
SMPS   Scanning Mobility Particle Sizer 
SUVA  Schweizerische Unfallversicherungsanstalt 
  (= Swiss Accident Insurance Fund) 
TEM   Transmission Electron-Microscopy 
TWA   Time-Weighted Average 
UFP   Ultrafine Particles 
USG  Bundesgesetz über den Umweltschutz 
  (= Federal Law of Environmental Protection) 
UVG  Bundesgesetz über die Unfallversicherung 
  (= Federal Law of Accident Insurance) 
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Variables and Units 
Variables 
C   Cunningham slip correction [-] 
c  Constant between 0 and 100% [-]    
C(0)   Starting concentrations [p·cm-3] 
C(t)   Concentration within the compartment at time t [p·cm-3] 
C∞   Steady-state concentrations [p·cm-3] 
C∞, measured  Measured steady-state concentrations [p·cm-3] 
C∞, model  Modelled steady-state concentrations [p·cm-3] 
Cenv   Concentration of the incoming air [p·cm-3] 
Cin   Concentration after the filter [p·cm-3] 
Cout   Concentration in front of the filter [p·cm-3] 
CP#  Steady state concentration in position P# [p·cm-3] 
ΔC  Change in number concentration within 1 min [p·cm-3] 
d  Distance to production unit [m] 
dp   Particle diameter [cm] 
e   Elementary charge [C] 
E   Emission rate [p·min-1] 
I   Electrical current recorded by the transducers [mA] 
ksink   Rate constant of sink processes [min-1] 
kvent   Air exchange rate [min-1] 
kvent*  Air exchange rate during reactor operation [min-1] 
n   Number of elementary charges on the particle [-] 
P   Protection factor [-] 
∆p   Pressure drop [mbar] 
Qvent   Ventilation flow [cm3·min-1] 
R   Filter retention [%] 
η   Gas viscosity [10-5·N·s·cm-2] 
td   Delay time [s] 
ti  Time [min] 
treactor cleaning  Average period of reactor cleaning [min] 
τc   Time to reach c part of steady state [min] 
V   Compartment volume [cm3] 
vT   Air velocity measured derived by the transducers [m·s-1] 
Δv  Change in air velocity within 1 min [m·s-1] 
Zp   Electrical mobility [C·cm·N-1·s-1] 
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Units 
A  Ampere 
a   Year 
bar   Bar 
Bq  Becquerel 
C   Coulomb 
°C   Degree Celsius 
d   Day 
g   Gramme 
h  Hour 
l   Litre 
m   Metre  
min   Minute 
N   Newton 
p   Number of particles 
Pa  Pascal 
s   Second  
V  Volt 
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A.1  Instrumentation  
A.1.1  Technical Details 

                                                      
112 Minimum particle size is not further specified with an efficiency rate. 
113 Instruments were only sparely in use since set up in 1999 
114 The neutralizer contains a Krypton-85 source with a radioactivity of 74 MBq and a half-life of 10.7 a. 
115 Minimum particle size is defined at the point of 50% of efficiency. 90% efficiency is reached at 15 nm. 

Metric  Device Model Comment Measurement ranges Calibration Accuracy  Logging 
capacity 

Power 
supply 

Mass 
concentration 
[mg/m3] 

DustTrak™ 
Aerosol 
Monitor 

TSI 8520 Real-time 
measurements of 
PM10, PM2.5, PM1.0 
and respirable size 
fraction (PM4.0); 
flow rate 
adjustable from 1.4 
to 2.4 l/min 

• Particle size range:  
0.1 to approx. 10 µm  

• Concentration range:  
000.1 to 100 mg/m3 

Calibrated by the 
manufacturer (February 
2006) to ISO 12103-1 A1 test 
dust (formerly Arizona Test 
Dust), which has a wide 
particle size distribution 
(applicable for most types of 
ambient aerosols) 

Resolution: 1% of 
reading or 0.001 
mg/m3 
(whichever is greater) 
 

Maximal  
31,000 
samples 

Battery 
or mains 
operation 

Number 
concentration 
[p/cm3] 

Condensation 
Particle 
Counter 
(CPC) 

TSI 3007 Real-time 
measurements 

• Particle size range:  
0.01112 to > 1 µm 

• Concentration range:  
0 to 105 p/cm3 

Calibrated by the  
manufacturer (February 
2006) 

Concentration 
accuracy: ±20% 

Maximal 
60,000 
samples 

Battery 
or mains 
operation 

Scanning 
Mobility 
Particle Sizer 
(SMPS) 

TSI 3934 Sequential 
measurements 
(scanning of 
electrical mobility 
range) 

• Particle diameter 
range: 0.007 to 1.0 µm 

• Concentration range:  
2 to 107 p/cm3 

Display resolution 4, 
8, 16, 32 or 64 
geometrically equal 
channels per size 
decade 

Mains 
operation 

Electrostatic 
Classifier 
(EC) 

TSI 3071 Configured with an 
Aerosol Neutra-
lizer114 (TSI 3077) 
and a Differential 
Mobility Analyzer 
(TSI 3081) 

• Adjustable over 0.005 
to 1.0 µm 

•  Input concentration 
range: up to 108 p/cm3 

Not applicable 
individually  

Mains 
operation 

Particle size [nm]  
& number 
concentration 
[p/cm3] 

Condensation 
Particle 
Counter 
(CPC) 

TSI 
3022A 

Real-time 
measurements 
 

• Particle size range:  
0.007115 to > 1 µm 

• Concentration range:  
0 to 107 p/cm3 

CPC calibrated by the 
manufacturer (March 
1999)113 
 
 

Concentration 
accuracy: ±10% up to 
105.7 p/cm3, ±20% up 
to 107 p/cm3 

Interface 
to 
personal 
computer 

Mains 
operation 
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116 The neutralizer contains a Krypton-85 source with a radioactivity of 74 MBq and a half-life of 10.7 a. 
117 Minimum particle size is defined at the point of 50% of efficiency. 90% efficiency is reached at approximately 8 nm. 
118 The correction by the recalibration was minor and therefore not taken into account. 
119 12-bit resolution, 64K storage (43,000 measurements with 12-bit), ± 2 mV accuracy (± 2.5% of maximal indication).  

Metric  Device Model Comment Measurement ranges Calibration Accuracy  Logging 
capacity 

Power 
supply 

Scanning 
Mobility 
Particle Sizer 
(SMPS) 

TSI 3936 Sequential 
measurements 
(scanning of 
electrical mobility 
range) 

• Particle diameter 
range: 0.010 to 1.0 µm 

• Concentration range: 2 
to 108 p/cm3 

Display resolution 4, 
8, 16, 32 or 64 
channels per size 
decade 

Mains 
operation 

Electrostatic 
Classifier 
(EC) 

TSI 3080 Configured with an 
Aerosol Neutra-
lizer116 (TSI 3077) 
and a Differential 
Mobility Analyser 
(TSI 3081) 

• Adjustable over 0.010 
to 1.0 µm 

• Input concentration 
range: up to 108 p/cm3 
at 10 nm 

Not applicable 
individually 

Mains 
operation 

Particle size [nm]  
& number 
concentration 
[p/cm3] 

Condensation 
Particle 
Counter 
(CPC) 

TSI 3775 Real-time 
measurements 
 

• Particle size range:  
0.004117 to >3 µm 

• Concentration range:  
• 0 to 107 p/cm3 

CPC recalibrated by the 
manufacturer (August 2006) 
 

Concentration 
accuracy: ±10% up to 
105.7 p/cm3, ±20% up 
to 107 p/cm3 

Interface 
to 
personal 
computer 

Mains 
operation 

Air velocity 
[m/s], 
temperature [°C], 
relative 
humidity [%] 
& pressure [Pa] 

Anemometer TSI 
8386A 

Real-time 
measurements; air 
velocity is 
measured with an 
unidirectional 
sensor 

• Air velocity: 
0 to 50 m/s (optimal: 
0.15 to 50 m/s) 

• Temperature:  
-10 to 60°C 

• Relative humidity:  
0 to 95%  

• Pressure:  
-1245 to + 3735 Pa 

Recalibrated by the  
manufacturer (August 
2006)118 

• Air velocity:  
±3% of reading or 
±0.015 m/s 

• Temperature:  
±0.3°C 

• Relative humidity:  
±3%  

• Pressure:  
    ±1% of reading 

Maximal  
1,394 
samples 

Battery 
or mains 
operation 

Air velocity [m/s] 
 

Air Velocity 
Transducers 

TSI 8450 Real-time 
measurements; air 
velocity is 
measured with an 
unidirectional 
sensor 

• Air velocity:  
0 to 2 m/s (optimal: 
0.125 to 2 m/s) 

Recalibrated by the  
manufacturer (April 2006) 

Accuracy: ±1.5% of 
reading or ±0.01 m/s 
 

Separate 
4-Kanal 
USB-
logger119 
(HOBO) 

Mains 
operation 
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A.1.2  Main Instrumental Settings 
Instrument  Setting 

Impactor type No impactor 
CPC model 3022A 
CPC flow mode Low flow 
Scan times (up/down)     120 s and 60 s 
DMA flow rate 
(sheath/aerosol)  

15 l/min and  
1.5 l/min 

2.0 l/min and  
0.2 l/min 

Instrument 
setup 

Size range bounds 
(lower/upper) 

5.62 nm and 
245 nm 

18.4 nm and  
964 nm 

Number of scans 1 
Number of samples 7 Run setup 
Inter sample delay  0 
Flow rate MFC  2.0 l/min 
Down scan first  Off 
Auto save  Activated 

Scanning Mobility 
Particle Sizer (SMPS) 
3934 

Further 
settings 

Use DISTFIT format  Off 
Impactor type 0.0457 cm 0.071 cm 
CPC model 3775  
CPC flow mode High flow Low flow 
Classifier model 3080 
DMA model 3081 
Scan time (up/down)           120 s and 60 s 

DMA flow rate 
(sheath/aerosol)  

15 l/min and  
1.5 l/min 

3.0 l/min and  
0.3 l/min 

Instrument 
setup 

Size range bounds 
(lower/upper) 

5.83 nm and  
228.8 

14.9 nm and  
673.2 nm 

Number of scans 1 
Number of samples 7 Run setup 
Inter sample delay  0 
Water removal system Activated 

Scanning Mobility 
Particle Sizer (SMPS) 
3936 

 

Further 
settings Down scan first  Off 

Time constant 1 s Condensation Particle 
Counter (CPC) 3007 Logging interval 1 s 

Flow mode  Low flow 
Time constant 1 s 

Condensation Particle 
Counter (CPC) 3022A 
(separately)  

Logging interval 1 s 
Impactor  1µm 
Time constant 1 s 

DustTrak 8520 

Logging interval 1 s 
Time constant 2 s Anemometer 8386A 

Logging interval 2 s 
Air Velocity 
Transducers 8450 Logging interval 1 s 
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A.2  Logging Sheets 
This annex is introduced by briefly explaining the different sections of the used logging sheet. 
Subsequently, an exemplary logging sheet is appended as an illustration.  

A.2.1  Explanatory Comments 
Measurement IDs: The identification number allows to distinct the different samples and 
contains important information about the corresponding tests: The first two digits correspond to 
the measurement position; the following two digits reveal to the measurement number within the 

daily set. Finally, the last three digits reflect 
the measurement date. Due to software 
constraints, the overall number of digits was 
limited to eight. 

 
Fig. 37: Example for measurement ID. 
 

Instrument configurations: Within this section, all relevant settings influencing the raw data 
collection were recorded. Where applicable, a field for maintenance notes was allocated to record 
procedures like the change of isopropyl alcohol (CPC 3007), the cleaning of impactor plates 
(DustTrak 8520), or similar activities due in regular and irregular intervals. An additional field for 
comments below each instrument settings was provided to note measurement incidents such as 
unforeseen interrupts or deviation from planned measuring time. 

Outline of the production procedure: In order to facilitate the reconstruction of the course of 
events during a specific measurement day, a continuous record of the ongoing activities within 
the production area was kept.  

Machinery operation: As outlined in section  3.1.1, the production system can be divided into 
four independent units, i.e. the production unit, the ventilation system unit, the filter & collection 
unit and the vibration & sieve unit. Furthermore, the occasional employment of the vacuum 
cleaner was recorded. An additional field in the logging sheet was provided for notes concerning 
unexpected incidents (e.g. spills and dust development) or interrupts (e.g. due to clogged filters). 

Operators: The access of operators including their working positions, the levels of movements as 
well as details regarding personal protective equipment were registered. A field for additional 
comments such as visible traces of produced material on personal protective equipment was 
provided.  

Surrounding activities: In order to establish an understanding of diverging instrumental readings, 
general and specific activities potentially influencing the background level of particles were 
recorded. It has to be emphasized that surrounding activities may have been recorded 
incompletely due to the predominant observation position inside the production area.  

Influences on air exchanges: Furthermore, additional factors influencing the advection of air 
were recorded. This includes the hall ventilation, the fume hood inside the operation area and 
door positions (open versus closed). 

P3_5_315

Measurement position: P3

Measurement number: 5

Date: May 31, 2006
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Additional remarks: This field at the end of the logging sheet allowed to record observations 
during measurements as well as hints for subsequent data analysis and interpretation. 

A.2.2  Example: May 31, 2006 
As an illustration, one logging sheet is given as examples on the subsequent pages. Note that May 
31, 2006, is the exemplary production day outlined in section  4.2.2.1. 
 
 



 

Logging Sheet of May 31, 2006 

Logging of 
Measurements 

 
 

Date 
 

2006.05.31 

Measurement 
IDs 
 

P3_1_315 
P3_2_315 
P3_3_315 
P3_4_315 
P3_5_315 
P3_6_315 
 
 

P3_7_315 
P3_8_315 
P3_9_315 
P5_1_315 
P5_4_315 
P5_7_315 
 

Measurement 
goals 
 

- Simultaneous measurements in 
position P5 and P3 

 
 
 
 
 
 

Measurement 
positions 
 

- CPC 3022A & Transducers: P5 
- CPC 3007, DustTrak & 

Anemometer: P3 
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1.    Instrument Configurations 
 

Measurement number  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Measurement start [hh:mm] 08:58 → → 11:30 → → 13:59 → →       
Measurement duration [min] 151 → → 147 → → 112 → →       

Instrument position 
 P5 → → P5 → → P5 → →       

Impactor type 
 N/a → → N/a → → N/a → →       

CPC model 
 3022 → → 3022 → → 3022 → →       

CPC valve position 
 

Ambient 
air → → Ambient 

air → → Ambient 
air → →       

CPC flow mode 
 

Low 
flow → → Low 

flow → → Low 
flow → →       

Scan time [s] 
(up/down)           N/a → → N/a → → N/a → →       

DMA flow rate [l/min] 
(sheath/aerosol)  N/a → → N/a → → N/a → →       

In
st

ru
m

en
t s

et
up

 

Size range bounds 
[nm] (lower/upper) N/a → → N/a → → N/a → →       

Number of scans 
 N/a → → N/a → → N/a → →       

Number of samples 
 N/a → → N/a → → N/a → →       

R
un

 se
tu

p 

Inter sample delay  
 N/a → → N/a → → N/a → →       

Flow rate MFC  
[l/min] N/a → → N/a → → N/a → →       

Down scan first  
 N/a → → N/a → → N/a → →       

Auto save  
 N/a → → N/a → → N/a → →       

Fu
rth

er
 se

tti
ng

s 

Use DISTFIT format  
 N/a → → N/a → → N/a → →       

Inlet orientation 
 

Inlet of CPC was oriented towards the production unit 

Maintenance 
 

None 

SM
PS

  

Comments 
 

Simultaneous mode: All measurements with CPC separately  
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Measurement number  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Measurement start [hh:mm] 08:58 → → → → → → → →       
Measurement duration [min] 413 → → → → → → → →       

Instrument position 
 P3 → → → → → → → →       

Daily Zero Check 
 Yes → → → → → → → →       

Time constant [s] 
 1 → → → → → → → →       

Logging interval [s] 
 1 → → → → → → → →       

Inlet orientation 
 

Inlet was oriented towards the production unit 

Maintenance 
 

Replenishing of isopropyl alcohol in the refill capsule H
an

dh
el

d 
C

PC
 

Comments 
 
 

None 

 
Measurement number  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Measurement start [hh:mm] 08:58 → → → → → → → →       
Measurement duration [min] 413 → → → → → → → →       

Instrument position 
 P3 → → → → → → → →       

Impactor  
 1µm → → → → → → → →       

Daily Zero Check 
 Yes → → → → → → → →       

Time constant [s] 
 1 → → → → → → → →       

Logging interval [s] 
 1 → → → → → → → →       

Inlet orientation 
 

Inlet was oriented towards the production unit 

Maintenance  
 

Cleaning of the impactor plate after measurement no. 9 (colour of residues: brownish) 

D
us

tT
ra

k 

Comments  
 
 

None 
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Measurement number  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Measurement start [hh:mm] 08:58 09:52 10:41 11:30 12:19 13:09 13:59 14:49 15:40       
Measurement duration [min] 45 45 45 45 45 45 45 45 11       

Instrument position 
 P3 P3 P3 P3 P3 P3 P3 P3 P3       

Time constant [s] 
 2 2 2 2 2 2 2 2 2       

Logging interval [s] 
 2 2 2 2 2 2 2 2 2       

Sensor alignment 
 

Sensor orifice was oriented towards the production unit 

V
el

oc
iC

al
c 

Pl
us

 

Comments 
 

Regular data readouts every 45 min due to limited logging capacity 

 
Measurement number  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Measurement start [hh:mm] 08:58 → → 11:30 → → 13:59 → →       
Measurement duration [min] 151 → → 147 → → 112 → →       

Instrument position 
 P5 → → P5 → → P5 → →       

Logging interval [s] 
 1 → → 1 → → 1 → →       

Sensor alignment 
 

Sensor orifice was oriented towards the production unit 

T
ra

ns
du

ce
r 

1 

Comments 
 

None 

Instrument position 
 P5 → → P5 → → P5 → →       

Logging interval [s] 
 1 → → 1 → → 1 → →       

Sensor alignment  
 

Sensor orifice was oriented in right angle to transducer 1 

T
ra

ns
du

ce
r 

2 

Comments 
 

None 

 
Measurement incidents 
 
 
 
 

None 
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2.    Outline of the Production Procedure 
 

08:40 
 

Entering of operator 1 to the production area, changing of cloths and preparation work  

09:10 
 

HCl test in front of the inlets (refer to section 7) 

09:34 to 
09:38 

Vacuum cleaner on, opening of reactors and cleaning of reactors (no. 3, 1, 2 & 4) by operator 1 (from 09:26 to 
09:28 in front of the inlets position P5); vacuum cleaner on the side of the filter & collection unit 

09:41 
  

Leaving of the production area by operator 1  

09:53 
 

Re-entering of the production area by operator 1 

10:08 
 

Start of ventilation system and production unit 

10:15 
 

Start of pressurized air (filter & collection unit) 

10:22 
 

Stop of reactor no. 1 (pressure drop, probably clogged tubing or pump), production continues with 3 reactors  

11:03 
 

Entering of additional operator (not involved in the production) 

11:16 
 

Vacuum cleaning around the reactors by operator 1 (<1 min) 

11:38 
 

Vacuum cleaning around the new production unit (not in use) by additional operator (<1 min) 

12:11 
 

Stop of reactor no. 3 (pressure drop, probably clogged tubing or pump), production continues with 2 reactors 
(both reactors are on the side of position P5) 

12:54 
 

Stop of production unit 

12:56 
 

Stop of ventilation system and pressurized air (filter & collection unit) 

12:58 
 

Additional person entering the production area 

13:01 
 

Vacuum cleaning around the filter unit by operator 1 (<1 min) 

13:02 
 

Disconnection of end containment (remains open) 

13:10 to 
13:14 

Permanent vacuum cleaning during transfer of powder to a white container (location: near the filter & 
collection unit) 

13:30 
 

Removal of PPE in the office and leaving of the production area by operator 1, additional operator and 
additional person 

14:20 
 

Entering of operator 1 to the production area 

14:30 
 

Leaving of the production area by operator 1  

15:31 
 

Entering of additional operator to the production area, change of cloths (PPE on) 

15:38 
 

Entering of operator 1 to the production area, change of cloths (PPE on) 

15:51 
 

Stop of measurements (start of new production setup) 
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3.    Machinery Operation  
 

Operating 
 

10:08 to 12:56 
 

Interrupts 
 

None 

V
en

til
at

io
n 

sy
st

em
 u

ni
t 

Comments 
 

None 

Operating 
 

10:08 to 12:54 
 

Interrupts 
 

None 

Pr
od

uc
tio

n 
un

it 

Comments 
 

- No. 1 was stopped after 10:22 
- No. 3 was stopped after 12:11 

Operating 
 

10:15 to 12:56 

Frequency of  
“pressure pushes” 

Constant (1/7s-1) 

Interrupts 
 

None 

Fi
lte

r 
&

 
co

lle
ct

io
n 

un
it 

Comments 
 

None 

Operating 
 

N/a 

Interrupts 
 

N/a 

Changes of end 
containment 

White container are not filled directly anymore, transferring of end product in 
the end of the production (see outline above) V

ib
ra

tio
n 

&
 

si
ev

e 
un

it 

Comments 
 

Refer to installation changes on the logging sheet of 2006.05.22 

Cleaning of reactors 
(reactors open) 

09:34 to 09:38 
 

V
ac

uu
m

 c
le

an
er

 

Other cleaning 
 
 

- Vacuum cleaning around the reactors by operator 1 (<1 min): 11:16 
- Vacuum cleaning around the new production unit by additional                         

operator (<1 min): 11:38 
- Vacuum cleaning around the filter unit by operator 1 (<1 min): 13:01 
- Vacuum cleaner permanently on during transfer of powder to a white 

container (location: near the filter & collection unit): 13:10 to 13:14 

R
em

ar
ks

 

Installation changes prior production start: 
- Further silicon seal on reactor No. 4 (2 seals at the top)1 
- Before this measurement day, a different nanocompound was produced in small amounts within the 

production area 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
1There are now silicon or aluminium seals around all connections of the production unit except for two connections at the very top joint 
of the common tube of reactor no. 3 and 4 
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4.    Operators  
 

A
cc

es
s t

o 
th

e 
pr

od
uc

tio
n 

- Entering of operator 1 (08:40) 
- Leaving of operator 1 (09:41) 
- Entering of operator 1 (09:53) 
- Entering of additional operator (11.03) 
- Entering of additional person (12:58) 
- Leaving of operator 1, additional operator and additional person (13:30) 
- Entering of operator 1 (14:20) 
- Leaving of operator 1 (14:30) 
- Entering of additional operator (15:31) 
- Entering of operator 1 (15:28) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Worker 1 
 
 
 

Preparation work at the beginning, subsequently same activity as previous 
production days (monitoring of production) 

Worker 2  
 
 
 

Not active in the production process, mainly installation work (high level of 
movement) 

Moments of higher 
agitation in the room 
 
 

- HCl test (refer to section 7): Around 09:10 
- More movement after entering of additional operator at 11:03 

L
ev

el
 o

f m
ov

em
en

t 

Comments 
 
 
 

None 

Total time spent in 
production site 

Minimum 400 min 

Time spent near 
production unit 

Approx. 30 min 

Time spent near switching 
unit 

Most of the production time 

Time spent near 
filter/sieve unit  

Little (< 10 min) 

Time spent in far-field 
working position 

Approx. 60 min (preparation work) 

Time spent in office and 
storage room 

Little (< 10 min) 

Time spent with cleaning 
(vacuum cleaner)   

Approx. 5 min 

W
or

ki
ng

 p
os

iti
on

s o
pe

ra
to

r 
1 

Comments 
 
 
 

None 
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Total time spent in 
production site 

N/a 

Time spent near 
production unit 

N/a 

Time spent near switching 
unit 

N/a 

Time spent near 
filter/sieve unit  

N/a 

Time spent in far-field 
working position 

N/a 

Time spent in office and 
storage room 

N/a 

Time spent with cleaning 
(vacuum cleaner)   

N/a 

W
or

ki
ng

 p
os

iti
on

s o
pe

ra
to

r 
2 

Comments 
 
 
 

The additional operator was not active in the production 

Wearing of mask (type) 
 

Dräger full-mask 

Wearing of protective 
gloves  

Nitrile gloves (only at the beginning and for cleaning activities) 

Wearing of overall 
 

Blue overall 

Removal of personal 
protective equipment  
 

- Removal of gloves after production start 
- Removal of all PEE before leaving the production area 

Pr
ot

ec
tiv

e 
eq

ui
pm

en
t w

or
ke

r 
1 

Comments 
 
 
 

None 

Wearing of mask (type) 
 

Black mask (“old military style”) 

Wearing of protective 
gloves  

Nitrile gloves 

Wearing of overall 
 

Blue overall 

Removal of personal 
protective equipment 
 

Removal of all PEE before leaving the production area 

Pr
ot

ec
tiv

e 
eq

ui
pm

en
t w

or
ke

r 
2 

Comments 
 
 
 

None 

R
em

ar
ks

 

None 
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5.    Surrounding Activity 
 

Morning 
(till 12:00) 
 
 
 
 

Low 

G
en

er
al

 a
ct

iv
ity

 
le

ve
l 

Afternoon 
(after 12:00) 
 
 
 
 

Low 

Metal-cutting machine 
(down the hallway) 
 
 
 
 

- Morning: No activity 
- Afternoon: No activity 

Actuation and magnetic 
bearing technology 
(adjacent room 1) 
 
 
 

- Morning: Before 09:10 elevated activity level 
- Afternoon: Little activity 

Laboratory for solid body 
physics  
(adjacent room 2) 
 
 
 

- Morning: Low activity level 
- Afternoon: Low activity level 

Po
te

nt
ia

l p
ar

tic
le

s s
ou

rc
es

 

Textile fibres 
(room on the opposite 
side of the hallway) 
 
 
 

- Morning: No activity 
- Afternoon: No activity 

C
on

tr
ac

t 
cl

ea
ni

ng
 

Last cleaning of floor E: 2006.05.26 (according to provided cleaning schedule) 
 
 
 
 
 
 
 
 
 

U
nu

su
al

 in
ci

de
nt

s 

None 
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6.    Influences on Air Exchange 
 

Door to the corridor  
 
 
 
 
 
 

- Normally closed throughout the measurement period 
- Opened for entering or leaving the room by the operators 
 

Door of the gate  
 
 
 
 
 
 

- Normally closed, opened only occasionally 
- Gas delivery from 09:58 to 10:08 (gate open, use of crane): At 10:03 a bottle 

of liquid nitrogen opened for 30s (small peak at the CPC 3022A, big peak 
before probably from the gate opening); leaving of the truck and closing of 
the hall at 10:08 D

oo
rs

 

Door to the office & 
storage room  
 
 
 
 
 

Normally closed, opened only occasionally 

Ventilation system of the 
entire hall  
 
 
 
 
 

Normal (ventilators not running) 

Fume hood inside the 
production area 
 
 
 
 
 

Off 

O
th

er
 

Additional influences  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

None 
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7.    Additional Remarks 
 
Test with HCl solutions from the adjacent room: A bottle was opened and solution was transferred to another bottle in 
front of the DustTrak around 09:10. No additional mass increase was registered. This test was done as the application of 
HCl in the adjacent room correlated well with the early increase in DustTrak readings. (It was again a day of high 
DustTrak readings, which constantly decreased in the course of the day.) 
 
Increase of CPC 3022A counts around 09:07: This was due to high activity in front of the inlets as a result of the “HCl-
test” (see above). 
 
 
 
Cleaning of reactors: Again, there was an increase of number counts in P5 and a delayed increase in P3. It is a good 
example to show the “dynamic” since there was a rather long break between the reactor cleaning and the start of the 
production unit.  
 
 
 
Influence of reduced number of operating reactors: After 12:11, only two units were still operating which led to a 
small decrease from the earlier steady-state concentrations.  
 
 
 
Transfer of powder: CPC 3022A detected a small increase despite high number concentrations. (This moment was 
carefully observed.) 
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A.3  Submicron Aerosol Levels in Diverse Environments 
Preliminary note: The suggested comparisons need to be considered with precaution due to numerous reasons outlined in section  5.1. For some 
indicated environments, the compiled studies may represent concentration levels from the higher end.  
 
 

Number concentrations Mass concentrations 

Environment Specific setting Particle size range 
[nm] (description of 
indicated value) 

Concentration  
[p/cm3] 

Particle size range 
[µm] (description of 
indicated value) 

Concentration 
[mg/m3] Reference 

Carbon black 
production  

Bag filling areas (three 
different facilities) 
 

15 to 100  
(Peak value) 

~ 80,000 PM1.0 
(Mean of 13 samples) 

~ 0.070 Kuhlbusch, Neumann, & 
Fissan (2004) 

Production of single-
walled CNT 

Handling of CNT (four 
different facilities)  
 

10 to 1000  
(Peak value) 

~ 80,000 PM1.0 
(Peak value) 

~ 1.60120 Maynard et al. (2004) 

Natural gas burners for 
supply air heating 
 

10 to > 1000  
(33 min mean) 

≤ 1,490,000  PM4.0 
(33 min mean) 

≤ 0.022  Engine machining 
and assembly facility 

Metal working 
operation 
 

10 to >1000  
(183 min mean) 

≤ 831,000  PM4.0 
(35 min mean) 

≤ 0.196 

Peters, Heitbrink, Evans, 
Slavin, & Maynard (2006) 

Operator exposure 
 
 

N/a 
(N/a) 

N/a121 PM3.5 
(160 min mean) 

1.13  

Far-field exposure 
 
 

14 to 600  
(Mean in welding) 

250,000  PM3.5 
(160 min mean) 

1.38  

W
or

kp
la

ce
s 

Welding 
 

Downwind exposure 
 
 
 

N/a 
(N/a) 

N/a PM3.5 
(160 min mean) 

1.55  

Stephenson, Seshadri, & 
Veranth (2003) 

                                                      
120 Estimations from elemental analysis of filter samples indicate that mass concentrations deriving from CNT only remained below 0.053 mg/m3 (Maynard et al., 2004). 
121 According to SUVA, number concentrations up to 106 p/cm3 were measured in welding sites (M. Truffer, SUVA, personal communication, June 23, 2006). 



 
Occupational Exposure to Nanocompounds               Philippe Peter 
 

 128

  

Number concentrations Mass concentrations 

Environment Specific setting Particle size range 
[nm] (description of 
indicated value) 

Concentration  
[p/cm3] 

Particle size range  
[µm] (description of 
indicated value) 

Concentration 
[mg/m3] Reference 

Frying 7 to 808 
(Peak value) 

154,000  PM2.5 
(Peak value) 

0.745  

Food preparation with 
the stove 

7 to 808 
(Peak value) 

179,000  PM2.5 
(Peak value) 

0.057  

Smoking indoor 
 

7 to 808 
(Peak value) 

26,600  PM2.5 
(Peak value) 

0.079  

Vacuuming  
 

7 to 808 
(Peak value) 

41,300  PM2.5 
(Peak value) 

0.016  

Residential houses  
(Brisbane) 

Sweeping the floor  7 to 808 
(Peak value) 

34,900  PM2.5 
(Peak value) 

0.035  

He, Morawska, Hitchins, & 
Gilbert (2004) 
 

Cooking stoves using 
liquefied petroleum gas  

10 to >1000  
(1 min mean) 

1200 to 280,000  PM1.0 
(1 min mean) 

0.008 to 0.760  

H
ou

se
ho

ld
s 

Urban Indian 
household  
(Nagpur and Mysore) Cooking stoves using 

kerosene 
10 to >1000  
(1 min mean) 

3000 to 280,000   PM1.0 
(1 min mean) 

0.010 to 0.750  

Mönkkonen et al. (2005) 

Ambient urban air 
(Helsinki) 

Central site in the city 10 to 1000  
(181 d median) 

15,300 PM1.0 
(181 d median) 

0.0056 Penttinen et al. (2001) 

Inside shops N/a 
(Peak value) 

~ 12,000 N/a 
(N/a) 

N/a 

Walking on the main 
street 

N/a 
(Peak value) 

~ 75,000  N/a 
(N/a) 

N/a 

Shopping  
(Aberdeen) 

Eating in a shopping 
mall 

N/a 
(Peak value) 

~ 30,000 N/a 
(N/a) 

N/a 

Seaton (2006) 

At the station platforms 
 

20 to 1000  
(3 d mean) 

14,000 to 29,000  PM2.5 
(3 d mean) 

0.270 to 0.480  Underground railway 
(London) 
 Inside the cabs 20 to 1000  

(3 d mean) 
17,000 to 23,000 PM2.5 

(3 d mean) 
0.130 to 0.200  

Seaton et al. (2005) 
 

Highly polluted city 
(New Delhi) 

Residential area south 
from the city’s centre 

10 to >1000  
(1 h mean) 

8420 to 216,000 PM10 
(4 h mean) 

0.050 to 0.671  Mönkkonen et al. (2004) 

Bus garage  
(Minneapolis) 

Exposure of mechanics 
in two bus garages 

3 to 1000 
(8 h mean) 

10,000 to 140,000 PM2.85 carbon only 
(8 h mean) 

0.002 to 0.003 Ramachandran, Paulsen, 
Wattsb, & Kittelsonb (2005) 

U
rb

an
 e

nv
iro

nm
en

ts
 &

 tr
af

fic
 

Major highway 
(Los Angeles) 

17 m downwind 
position 

6 to 220 
(6 d mean) 

180,000 to 350,000 Total carbon black  
(5 d mean) 

0.020 to 0.025 Zhu, Hinds, Kim, Shen, & 
Sioutas (2002) 
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