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ABSTRACT 

The overall goals of this doctoral dissertation are to provide knowledge of 

workers’ exposure to nanomaterials and to assist in the development of standard methods 

to measure personal exposure to nanomaterials in workplace environments.  

To achieve the first goal, a field study investigated airborne particles generated 

from the weighing of bulk carbon nanotubes (CNTs) and the manual sanding of epoxy 

test samples reinforced with CNTs. This study also evaluated the effectiveness of three 

local exhaust ventilation (LEV) conditions (no LEV, custom fume hood and biosafety 

cabinet) for control of exposure to particles generated during sanding of CNT-epoxy 

nanocomposites. Particle number and respirable mass concentrations were measured with 

direct-read instruments, and particle morphology was determined by electron 

microscopy. Sanding of CNT-epoxy nanocomposites released respirable size airborne 

particles with protruding CNTs very different in morphology from bulk CNTs that tended 

to remain in clusters (>1µm). Respirable mass concentrations in the operator’s breathing 

zone were significantly greater when sanding took place in the custom hood (p <0.0001) 

compared to the other LEV conditions. This study found that workers’ exposure was to 

particles containing protruding CNTs rather than to bulk CNT particles. Particular 

attention should be placed in the design and selection of hoods to minimize exposure. 

Two laboratory studies were conducted to realize the second goal. Collection 

efficiency of submicrometer particles was evaluated for nylon mesh screens with three 

pore sizes (60, 100 and 180 µm) at three flow rates (2.5, 4, and 6 Lpm). Single-fiber 

efficiency of nylon mesh screens was then calculated and compared to a theoretical 

estimation expression. The effects of particle morphology on collection efficiency were 

also experimentally measured. The collection efficiency of the screens was found to vary 

by less than 4% regardless of particle morphology. Single-fiber efficiency of the screens 

calculated from experimental data was in good agreement with that estimated from theory 
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for particles between 40 and 150 nm but deviated from theory for particles outside of this 

range. New coefficients for the single-fiber efficiency model were identified that 

minimized the sum of square error (SSE) between the experimental values and those 

estimated with the model. Compared to the original theory, the SSE calculated using the 

modified theory was at least threefold lower for all screens and flow rates. Since nylon 

fibers produce no significant spectral interference when ashed for spectrometric 

examination, the ability to accurately estimate collection efficiency of submicrometer 

particles makes nylon mesh screens an attractive collection substrate for nanoparticles.  

In the third study, laboratory experiments were conducted to develop a novel 

nanoparticle respiratory deposition (NRD) sampler that selectively collects nanoparticles 

in a worker’s breathing zone apart from larger particles. The NRD sampler consists of a 

respirable cyclone fitted with an impactor and a diffusion stage containing eight nylon-

mesh screens. A sampling criterion for nano-particulate matter (NPM) was developed and 

set as the target for the collection efficiency of the NRD sampler. The sampler operates at 

2.5 Lpm and fits on a worker’s lapel. The cut-off diameter of the impactor was 

experimentally measured to be 300 nm with a sharpness of 1.53. Loading at typical 

workplace levels was found to have no significant effect (2-way ANOVA, p=0.257) on 

the performance of the impactor. The effective deposition of particles onto the diffusion 

stage was found to match the NPM criterion, showing that a sample collected with the 

NRD sampler represents the concentration of nanoparticles deposited in the human 

respiratory system. 
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This know also, that in the last days perilous times shall come. For men shall be [...] ever 
learning, and never able to come to the knowledge of the truth.  

 
II Timothy 3:1-2,7 
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CHAPTER I 

INTRODUCTION 

Nanoparticles in the Workplace 

Nanoparticles are particles with at least one external dimension smaller than 100 

nm (ASTM, 2006) that can originate from a variety of occupational sources. Hot 

background processes, such as engine combustion, arc welding and the burning of natural 

gas, produce vaporized materials. As these vapors cool, they nucleate to form incidental 

nanoparticles (Hinds, 1999). In contrast, some particles in the workplace are engineered. 

Materials with nano-scale features exhibit unusual physical, chemical and biological 

properties that can enhance consumer products (Nel et al., 2006). Consequently, these 

bulk, engineered nanoparticles can be incorporated in matrix structures to form 

nanocomposite materials. Many products containing engineered nanoparticles are 

commercially available (Hansen et al., 2008). The nanotechnology industry has been 

projected to employ millions of workers worldwide within the next decade (Roco, 2004), 

which will entail the exposure of a large population of workers to new materials for 

which little is known about their toxicity (Schulte et al., 2008a). 

Exposure to nanoparticles may occur in a variety of workplace settings, including 

research laboratories, production manufacturing facilities, and waste handling systems 

(Schulte et al., 2008b). Studies have been conducted to evaluate occupational exposure to 

incidental nanoparticles; however, few studies have focused on the exposure to 

engineered nanoparticles (Stern and McNeil, 2008). Kuhlbusch et al. (2004) measured 

aerosol concentrations in three carbon black production facilities and found relatively 

small increases in nanoparticle number concentrations compared to background 

measurements. These increases were attributed to background sources such as forklift and 

gas heater emissions. In an occupational exposure study in an engine machining facility, 

Peters et al. (2006) found that high background incidental nanoparticle levels from direct-
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fire, natural gas furnace exhaust often exceeded those produced by the machining 

processes. Elihn and Berg (2009) measured and characterized ultrafine particles in seven 

industrial plants, finding elevated particle number concentrations during aluminum 

fettling processes, laser cutting, welding, and smelting. They concluded that the quality of 

the ventilation, the use of local exhaust ventilation and the use of forklift trucks played an 

important role in number concentration levels of ultrafines.  

Exposure to engineered nanoparticles can occur throughout a product’s lifecycle 

(Stern and McNeil, 2008). As these nanoparticles are incorporated in consumer products, 

exposures can take place during manufacturing, use, disposal and recycling of consumer 

products. Methner et al. (2007) evaluated exposure to carbon nanofibers (CNF) during 

chopping, transferring and mechanically mixing of the nanofibers, as well as cutting 

CNF-composite material using a table saw. They found slight increases in airborne 

concentrations (number and mass) during transferring, mixing and cutting, indicating that 

the potential for release of engineered nanomaterials does exist during these processes. In 

contrast, others have found that handling of nanomaterials in manufacturing facilities 

generates exposures to larger (>200 nm) nanoparticle agglomerates (Peters et al., 2009a; 

Evans et al., 2010).  

There are several commercially available air sampling instruments that can 

characterize exposure to nano-scale aerosols; however, none are small enough to be worn 

by workers and allow estimation of nanoparticle concentration in the breathing zone 

(Methner et al., 2010a). To overcome this limitation, attempts have been made to use a 

variety of instruments to characterize nano-scale aerosols. Park et al. (2010) measured 

incidental nanoparticles concentrations in three workplace environments using a 

combination of aerosol photometers for mass concentrations, a scanning mobility particle 

sizer for size distributions, a surface area monitor and an optical particle counter for 

number concentrations. The instruments were placed on a cart and a mannequin was used 

as reference for the location of the sampling tubes at breathing zone heights. The results 
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showed that surface area and fine particle number were more sensitive measures of 

spatial variation of nanoparticles than mass concentrations, however, the authors 

recommended a multi-metric sampling approach for nanoparticle exposure assessment.  

Similarly, Methner et al. (2010a and 2010b) combined two direct-read 

instruments (a concentration particle counter and an optical particle counter), which were 

supplemented by two filter-based air samplers. Filter samples were used to differentiate 

between incidental and engineered nanoparticles (through electron microscopy and 

chemical analysis), which could not be made with the direct-read instruments alone. The 

use of a combination of direct-read instruments and the addition of filter samples is useful 

for characterizing release of nanomaterials in the workplace; however, the use of costly 

equipment and the generation of large amount of data requiring complicated analytical 

techniques limit their use by exposure assessors such as industrial hygienists. Direct-read 

instruments are discussed in more details in the Direct-read Instruments, Area Samplers 

and Their Limitations section.  

Toxicity of Nanoparticles 

Some engineered nanoparticles have been shown to exert greater toxic response 

than larger particles of the same composition (Papp et al., 2008). Several groups have 

identified that, for a given mass dose of titanium dioxide (TiO2), a poorly soluble, low-

toxicity material, pulmonary inflammatory response and tissue damage is greater if the 

dose is composed of nano-sized particles rather than larger particles (Oberdörster et al., 

1994; Duffin et al., 2007). However, additional factors affect toxicity of nanoparticles, 

including the physical and chemical reactivity and activity of individual particles that 

compose the material (Grassian et al., 2007; Grassian, 2008; Jiang et al., 2008; Bastian et 

al., 2009) and the surface charge and agglomeration state of a nanoparticle (Jiang et al., 

2009).  
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Compared to larger particles, copper oxide nanoparticles were found to be more 

cytotoxic and genotoxic and showed much higher ability to cause mitochondrial 

depolarization and oxidative DNA damage (Karlsson et al., 2009). Others have identified 

similar behavior for copper nanoparticles (Chen et al., 2006; Grassian et al., 2007). 

Further, the work of Karlsson et al. (2009) showed that iron oxide particles exerted low 

toxicity, while TiO2 nanoparticles were shown to have relatively high ability to damage 

DNA. Cha et al. (2008) found that silver nanoparticles induced a greater degree of 

inflammation in rodent livers (in vivo exposures) and a greater degree of apoptosis in 

human liver cells (in vitro) when compared to micrometer-sized silver particles. Chen et 

al. (2006) identified that copper nanoparticles exerted toxic effects on rodent kidney, liver 

and spleen, whereas micrometer-sized copper did not show the same pathological effects 

and tissue damage. Instillation of carbon black nanoparticles (500 µg), TiO2 nanoparticles 

(125 µg) and latex nanoparticles (125 µg) into rat lungs were all found capable of causing 

more airway inflammation than larger particles of the same composition (Donaldson et 

al., 2000). 

Exposure to incidental nanoparticles has been associated with adverse health 

outcomes in occupational settings. Acute respiratory distress syndrome triggered by 

exposure to metal nanoparticles was suspected as the cause of severe illness and death of 

several nickel smelters (Sandstrom et al., 1989). No exposure levels were reported for 

these workers. Respiratory distress syndrome was also identified as the cause of death of 

a worker who inhaled one gram of nickel nanoparticles over a 90-minute period while 

spraying nickel using a thermal arc process (Rendall et al., 1994; Phillips et al., 2010). 

Exposure to annual average nanoparticle concentrations above 13,000 particles/cm3 has 

been associated with increased asthma symptoms (Wichmann et al., 2000). Additionally, 

exposure to welding fume (average PM2.5 concentrations = 0.7 ± 0.8 mg/m3) has been 

associated with adverse alterations in cardiac autonomic function (Magari et al., 2001). 

Numerous studies have related exposure to incidental nanoparticles with increased risk of 
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hospital admission for heart attack (average concentrations > 12,500 particles/cm3, von 

Klot et al., 2005), changes in cardiac autonomic function (average concentrations > 

17,000 particles/cm3, Timonen et al., 2005) and increased prevalence of asthma (average 

concentrations > 13,000 particles/cm3, Lwebuga-Mukasa et al., 2005). The lack of 

standard methods to assess personal exposure to nanoparticles, however, has severely 

limited the epidemiologic tie between exposure and adverse health outcomes. 

Carbon Nanotubes  

Characterization of exposure to carbon nanotubes (CNTs) is the topic of Chapter 

II of this dissertation; therefore, special focus on CNT literature will be given in this 

section. CNTs are commonly used because they have exceptional physical and chemical 

properties. The International Organization for Standardization (ISO) defines particles 

with two external dimensions smaller than 100 nm as nanofibers or, if hollow, nanotubes 

(ISO, 2008). Carbon nanotubes were first discovered in 1991 and consist of single or 

multiple layers of graphene wrapped into a cylindrical structure (Iijima, 1991). Their 

unusual properties (e.g. increased electrical and thermal properties, tensile strength) make 

them a desirable material for industrial and commercial applications (Yu et al., 2000; Lau 

& Hui, 2002). There are several forms of CNTs (single-walled, multi-walled, with or 

without residual metal catalysts, surface coated, long, short, etc.) commercially available 

and used in many applications such as electronics, lithium-ion batteries, solar cells, super 

capacitors, reinforced plastics, micro-fabrication conjugated polymer activators, 

biosensors, and biomedical devices (NIOSH, 2010).  

Worker exposures to CNTs are poorly characterized. There are only a handful of 

studies reporting workplace exposure measurements, but these studies confirm that 

exposure to CNTs may vary greatly depending on the process and the type of engineering 

controls used such as ventilated enclosures (NIOSH, 2010). Bello et al. (2008) found no 

increase in total particle number concentration during production and handling of CNTs 
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compared to background measurements when operating a CNT growth furnace and 

removing the CNTs after furnace cool-down. Mechanical agitation, however, may 

produce significantly higher concentrations. Han et al. (2008) measured concentrations in 

a CNT manufacturing laboratory ranging from 37 µg/m3 during weighing operations to 

430 µg/m3 during blending operations with no controls in place, while concentrations 

were lowered below the limit of detection once the weighing and blending processes took 

place in a ventilated enclosure. Similar elevated concentrations during agitation of CNTs 

were measured by Maynard et al. (2004), ranging from 0.7 to 53 µg/m3 with no 

engineering controls in place, and by Johnson et al. (2010), who found significantly 

higher number concentrations during sonication of water-CNT solutions than during 

weighing and transferring of dry CNTs. Aerosolized CNTs were also observed to remain 

in agglomerated bundles larger than 1 µm (Maynard et al., 2004). 

The effects of engineering controls were observed in the work of Lee et al. (2010) 

and Tsai et al. (2009a). Measurements taken in seven industrial or laboratory facilities by 

Lee et al. (2010) indicated that preparation and ultrasonic dispersion of CNTs inside a 

laboratory fume hood generated the release of metal particles used as catalysts during 

CNT synthesis. No detectable amounts of CNTs were found on filter samples collected 

during the CNT synthesis and handling processes (Lee et al., 2010). In a CNT production 

laboratory, Tsai et al. (2009a) found that particle number concentrations measured during 

CNT synthesis inside a chemical fume hood were elevated (ranging between 107 and 

4×106 particles/cm3), while concentrations measured in samples placed at breathing zone 

height outside the hood were similar to background concentration measurements. No 

operator was present at the hood face during the process and measurements, thus 

avoiding the generation of turbulent flows at the hood’s face (Kim and Flynn, 1991). 

These flows have been found to cause a more extensive release of nanoparticles and 

exposure of workers during handling of nanopowders due to the formation of complex 

airflow patterns between the worker and the hood (Tsai et al., 2009b). 
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CNTs in finished products are often embedded in polymer matrices; however, 

little information exists in the literature about exposure to these matrix-embedded CNT 

nanocomposites during mechanical processing of finished products. Bello et al. (2009) 

investigated the release of particles during simulations of industrial wet and dry cutting of 

CNT-composite materials and found substantial increases in mass-based aerosol 

concentrations during dry cutting compared to background measurements. 

Characterization of exposure to these embedded CNTs is necessary to determine whether 

the exposure originates from the polymer matrix holding the CNTs, from CNTs that 

break off during the mechanical processing and become airborne or a combination of the 

two. 

Several toxicological studies have linked exposure to CNTs with adverse health 

effects. Current studies on CNT exposure are based on animal exposure data. These 

studies have shown adverse lung effects such as pulmonary inflammation, granulomas, 

fibrosis and diminished resistance to pathogenic attacks (Wareith et al., 2003; Muller et 

al., 2005; Shvedova et al., 2005 and 2008; Lam et al., 2006; Porter et al., 2010; Pauluhn, 

2010). Similarly to asbestos fibers, CNTs have been observed to migrate from the lungs 

to other organs (Hubbs et al., 2009; Porter et al., 2010; Mercer et al., 2010). Adverse 

cardiac health effects, such as oxidative damage and atherosclerotic lesions, have also 

been associated with exposure to CNTs (Li et al., 2007). In vitro studies on cultured 

human skin cells have shown that CNTs can cause oxidative stress, increased cell 

apoptosis and necrosis, genotoxicity, interference with mitosis, and abnormal 

chromosome number (Shvedova et al., 2003; Monteiro-Riviere et al., 2005; Sargent et al., 

2009; Kisin et al., 2010). There are no toxicological studies on the effects of matrix-

embedded CNTs: these nanocomposite particles may represent the relevant worker’s 

exposure rather than the bulk CNTs. Further investigation of exposure during production 

and manipulation of CNT nanocomposites is warranted. 
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Current Exposure Assessment Methods 

Standard methods for assessing exposure are essential to the practice of 

occupational health and safety to maximize protection to the worker. Exposure 

measurements are used to determine relationships between exposure and adverse health 

outcomes in epidemiological and toxicological studies and to assess exposures over time. 

Exposure measurements made in workplace environments are compared to occupational 

exposure limits for routine risk management and regulatory enforcement (Ramachandran, 

2005; ACGIH, 2010). The NIOSH Manual of Analytical Methods (NMAM) describes 

protocols to assess personal exposure to a wide range of occupational contaminants 

(NIOSH, 2003). 

Conventional occupational sampling methods to monitor exposure to airborne 

particles rely on collecting airborne particles onto filters and characterizing their mass 

(e.g., NMAM 0500) and bulk chemistry (e.g., NMAM 7300). Filters are mounted in 

generally small, lightweight samplers located in the worker’s breathing zone, and a belt-

mounted pump is used to pull air through the sampler. The filters are usually analyzed to 

determine the mass of particulate associated with its corresponding occupational 

standard, and the measured concentrations are compared to workplace limits. The 

sampler is commonly designed to match a size-selective sampling criterion based on 

particle aspiration into the human respiratory tract. The collection efficiency of the 

respiratory tract is influenced by the size of particles, and not all airborne particles will 

enter the respiratory system (Maynard and Jensen, 2001); therefore the dose a person may 

receive may differ from ambient concentrations. Dose is defined as concentration times 

intake rate times deposition fraction.  

The inhalable sampling criterion is based on deposition of particles in the 

respiratory tract to reflect only those particles that may be inhaled (Vincent et al., 1990; 

ACGIH, 2010). The thoracic sampling criterion represents particles that can penetrate 
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into the tracheobronchial region as a subfraction of the inhalable aerosol (ISO, 1995). 

The respirable sampling criterion represents the subset of particles that when inhaled can 

reach the alveolar region of the lung (ACGIH, 2010). These particle-size-dependent 

criteria include particles that are substantially larger than 100 nm (CEN, 1993; ISO, 

1995). Additionally, these criteria estimate the fraction of particles that reaches a specific 

area of the respiratory system and has the potential of depositing there. Although both 

aspiration and deposition depend on particles size, the two phenomena are not linear 

across the entire particle size spectrum (Koehler et al., 2009). Aspiration metrics are 

inadequate for estimating dose (Hodgkins et al., 1991; Esmen et al., 2002). 

Respiratory Deposition of Nanoparticles 

The Brownian motion of the air molecules is the primary mechanism for 

deposition of particles smaller than 0.3 µm. Because nanoparticles carry little mass, 

movement of air molecules causes them to jitter and to diffuse to surfaces (Kleinstreuer et 

al., 2008). This random motion is the primary mechanism that causes nanoparticles to 

deposit within the respiratory system (ICRP, 1994). Recent experimental work has 

provided insight on the deposition of nanoparticles in the respiratory tract for controlled 

(Heyder et al., 1986; Kim and Hu, 1998; Kim and Jaques, 2000; Jaques and Kim, 2000; 

Choi and Kim, 2007; Montoya et al., 2004) and uncontrolled (Daigle et al., 2003; 

Londahl et al., 2007, 2008 and 2009) breathing patterns. These experimental 

measurements demonstrated a trough-shaped total deposition curve, with minimum 

deposition for particles around 150 nm. Deposition of particles smaller than 150 nm 

increases as particle size decreases (Choi and Kim, 2007). The International Commission 

on Radiological Protection (ICRP) deposition model for average adult males and females 

under light exercise and nose-breathing conditions (ICRP, 1994) follows fairly accurately 

these experimental deposition patterns. Some research groups have adopted the ICRP 
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deposition model as a target for aerosol deposition samplers and pre-separators (Kuo et 

al., 2005; Koehler et al., 2009). 

Samplers based on respiratory system deposition provide a suitable solution for 

estimation of nanoparticle dose received in the respiratory tract (Johnson and Esmen, 

2004). A sampling criterion specific to nanoparticles, analogous to the respirable and 

inhalable criteria, and that can serve as a target curve for a deposition based sampling 

device is currently unavailable.  

Occupational Regulation of Nanoparticles  

Three major consensus groups set occupational exposure limits to protect 

workers’ health. The American Conference of Governmental Industrial Hygienists 

(ACGIH) is a scientific organization with established committees that examine peer-

reviewed scientific literature and publish guidelines known as Threshold Limit Values 

(TLVs) for safe levels of exposure to chemical and physical agents in the workplace. 

There is no TLV for nanoparticles, however, for biologically inert, insoluble or poorly 

soluble particles believed to have adverse health effects, the ACGIH has a general 

recommendation of a mass based TLV of 3 mg/m3 using the respirable sampling criterion 

(ACGIH, 2010). The National Institute for Occupational Safety and Health (NIOSH) 

develops recommendations for health and safety standards called recommended exposure 

limits (RELs), which are not legally enforceable limits (NIOSH, 2005a), but are 

published and transmitted to government agencies for use in promulgating legal 

standards. The Occupational Safety and Health Administration (OSHA) is the U.S. 

government agency that sets permissible exposure limits (PELs) corresponding to the 

maximum legal limit for exposure to chemicals or dusts. There is no PEL specific for 

nanoparticles. The PEL set by OSHA for particles not otherwise regulated is 5 mg/m3. 

Mass-based airborne exposure limits are typically used because mass-based 

concentrations have been associated with health effects of workers and have been useful 
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to understanding and developing dose-response relationship in animal studies (NIOSH, 

2010). 

Unfortunately, there is inadequate epidemiological and toxicological data to 

develop occupational exposure limits for nanoparticles. This lack of data is in part due to 

the lack of standard methods for sampling and analyzing airborne nanoparticle 

concentrations. Although standardization of sampling and analysis methods require 

overcoming several obstacles (Maynard, 2007; Papp et al., 2008), a consensus is 

emerging that standard methodologies are needed to measure airborne nanoparticle 

concentration apart from other background aerosols (Schulte et al., 2008b). 

Two Proposed Sampling Strategies with Recommended 

Exposure Limits 

Studies have suggested that ultrafine TiO2 particles, widely used in consumer 

products, may be more toxic than fine TiO2 particles at the same mass (Ferin et al., 1992; 

Oberdörster et al., 1992), possibly because ultrafine particles have a larger surface area 

than fine particles at the same mass (Oberdörster et al., 1992). Consequently, NIOSH has 

proposed a strategy for assessing occupational exposure to ultrafine TiO2 (NIOSH, 

2005b). NIOSH recommends a multi-tiered exposure assessment to distinguish 

concentrations of nano TiO2 separately from other background aerosols. The NIOSH 

recommended REL for ultrafine TiO2 is 0.1 mg/m3 collected with filter-based respirable 

samplers (i.e., NMAM 0600). When respirable mass concentration measurements exceed 

this limit, the filters should be evaluated under transmission electron microscopy with 

energy dispersive X-ray spectroscopy to determine the percent TiO2 by particle size. Then 

the respirable mass concentration is to be adjusted to reflect only the mass attributed to 

ultrafine TiO2. This method requires the collection of two respirable samples, a costly 

collection of a large amount of data and a complicated process to interpret the results. 
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Workplace exposure to ultrafine TiO2 is difficult to measure without a sampler specific 

for the collection of nanoparticles.  

NIOSH has also proposed a strategy for occupational exposure to CNTs and 

CNFs (NIOSH, 2010). They recommend an exposure level of 7 µg/m3 as an 8-hr time 

weighted average airborne respirable mass concentration for up to a 40-hr week, based on 

the available toxicological data from animal studies. The recommended analytical 

method to assess the exposure level is NIOSH method 5040, which consists of analysis 

for elemental carbon on respirable samples. CNTs have low density and small diameter, 

and this analysis method may not be sufficiently sensitive to detect low mass 

concentrations. The limit of detection for NIOSH method 5040 is 2 µg/m3, with a limit of 

quantification of 7 µg/m3. Furthermore, this method is not specific for differentiating 

elemental carbon originating from other sources such as background processes and 

incidental nanoparticles. 

These NIOSH-proposed strategies indicate the need to measure nanoparticle 

airborne concentrations apart from larger particles, but also to understand the amount of 

exposure associated with ultrafine TiO2 or CNTs compared to other background aerosols. 

Direct-reading instruments that output particle number or mass concentrations are 

available. However, these instruments have several limitations that make them inadequate 

for quantitative exposure assessment.  

Direct-Read Instruments, Area Samplers and Their 

Limitations  

Direct-read instruments have advantages associated with the ability to quickly 

measure particle concentrations. Some of these instruments can be used to assess the 

presence of nanoparticles in workplace environments (Methner et al., 2010a). There are, 

however, several disadvantages to their use that make them inadequate for 

characterization of exposure to nanoparticles.  
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Condensation particle counters (CPCs) grow ultrafine particles to micrometer-size 

droplets in a supersaturated environment so that their number concentration can be 

measured with a light-transmission measurement or a single-particle optical counter 

(Hinds, 1999). CPCs are available in portable, lightweight models; however, they have 

limitations in their ability to measure particle number concentrations above 100,000 

particles/cm3 due to coincidence errors. Coincidence is caused by more than one particle 

simultaneously in the instrument’s sensitive volume, which leads to under-estimation of 

the particle number concentration. CPCs also respond to particles larger than 100 nm and 

are not adaptable to personal sampling. CPCs provide only knowledge of particle number 

concentrations and do not provide the ability to distinguish between incidental and 

engineered particles.  

Scanning mobility particle sizers (SMPSs) provide number and mass 

concentration measurements. An SMPS consists of a differential mobility analyzer, 

which separates particles based on their mobility in an electrical field, paired with a CPC. 

SMPSs can provide the reconstruction of original ambient aerosol distributions by size 

with high resolution in the submicrometer size range (Liu and Deshler, 2003). These 

instruments have the advantage that particles do not have to be captured, they provide 

almost immediate particle concentration measurements, and it is not necessary to form an 

image of the particles in order to size or count them. They are, however, bulky (>25 kg) 

and expensive (~$50K), characteristics that make them not suitable as personal samplers. 

Additionally, their inability to distinguish between engineered and incidental 

nanoparticles makes them ineffective for quantitative exposure assessment. Collection of 

engineered nanoparticles separately from other background aerosols is necessary to 

properly assess the health risks associated with their inhalation.  

Diffusion chargers measure the surface area of particles smaller than 1 µm. As 

particles come in contact with ions, an electrometer measures the amount of charge on 

each particle (Hinds, 1999). This charge is correlated with the particle’s surface area. 
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Diffusion chargers are fairly portable, but they do not provide information on particle 

size. Electrical low-pressure impactors use a combination of diffusion charging 

techniques and a cascade impactor to measure the amount of charged particles 

corresponding to a particular aerodynamic diameter (Baron and Willeke, 2001a). 

However, similarly to SMPSs, electrical low-pressure impactors are large and inadequate 

for personal sampling.  

These above samplers are useful to deploy as static area samplers, however, area 

samplers may not accurately reflect personal exposures because nanoparticles tend to 

rapidly decrease in concentration away from a source (Zhu et al., 2002). Nanoparticle 

concentrations near a source are generally high, and the constant bombardment of air 

molecules on nanoparticles makes them move and change direction rapidly, increasing 

their likelihood of hitting and coagulating with other particles (Hinds, 1999). 

Consequently, personal exposures to nanoparticles are likely to be highly heterogeneous 

and depend upon proximity to a source, which tends to change over an 8-hr shift because 

of worker’s movements. Personal samplers can overcome the limitations of area samplers 

by collecting air samples in a worker’s breathing zone and therefore better characterize 

an individual’s exposure. A personal sampler that collects nanoparticles separately from 

other background particles would further support this exposure characterization effort. 

Collection of Nanoparticles Separately from Larger 

Particles 

One approach to selectively remove particles from an airstream is the 

combination of carefully designed inertial separators with diffusion screens. Particle 

behavior in a gas suspension is highly dependent upon size (Baron and Willeke, 2001b). 

Therefore, selective collection of nanoparticles requires the use of a combination of 

techniques. Particles larger than 0.5 µm carry more mass than nanoparticles and therefore 

are not as affected by the Brownian motion of the air molecules. Because of this greater 
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mass, particle inertia plays a major role in their movement and can be used to separate 

and collect particles of different sizes with different techniques (Marple et al., 2001).  

Cyclones and impactors have been used to efficiently remove large particles from 

an airstream. These devices accelerate the air with the use of acceleration nozzles and 

cause it to flow in a spiral pattern or to abruptly change direction. Particles with sufficient 

inertia are unable to follow the air streamlines during these direction shifts and collect 

onto the walls of the device or on other internal collection substrates (Marple et al., 

2001). Only those particles able to follow the air streamlines will remain airborne. The 

particle diameter for which 50% of the particles are collected and removed from the 

airstream, while all particles less than this size pass through, is called the cut-size or d50 

(Hinds, 1999). Although impactors and cyclones have been designed to achieve 

nanometer cut-sizes (Hering et al., 1979; Marple et al., 1991; Chen et al., 2007), these 

low cut-points require extremely high pressure drops, which are not easily achievable 

with belt-mounted sampling pumps that are widely used for personal sampling.  

Filters and screens can be used to collect nanoparticles from an airstream at 

relatively low pressure drops. Unlike gas molecules, when nanoparticles hit a surface, 

such as the fiber of a filter or a screen, they adhere and are removed from the airstream. 

As the air flows through a layer of fibers, the random movement of nanoparticles 

increases their probability of diffusing onto a fiber. Filtration theory has been thoroughly 

studied and developed to predict collection efficiency of fibrous filters (Fridlander, 1958; 

Kirsch and Fuchs, 1968). The non-uniform diameter and random fiber orientation of 

filters, however, makes it difficult to accurately predict particle collection efficiency 

(Cheng et al., 1985). Diffusion screens, which consist of woven uniform fibers, have been 

successfully used to collect nanoparticles (Cheng and Yeh, 1983; Cheng, 2001). 

Theoretical estimations of collection efficiency have been examined for diffusion screens 

made of stainless steel fibers (Cheng et al., 1985). Their uniform fiber size and 
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arrangement make diffusion screens a desirable collection substrate; metal fibers, 

however, pose several analytical limitations. 

Analysis of particles collected on a filtration media often requires the particles to 

be separated from the fibers through digestion or ashing of the fibers (Grohse, 1999). 

Stainless steel fibers are difficult to digest without also permanently damaging the 

particles collected. Nylon mesh screens present an advantageous alternative to metal 

screens because of the ease of dissolving nylon fibers compared to metal fibers.  

Diffusion screens, however, are not size selective sampling devices as both 

nanoparticles and larger particles collect onto their fibers. Gorbunov et al. (2009) 

developed a size-selective sampler that uses an impactor to remove large particles and 

nylon mesh screens to collect nanoparticles. They analyzed the nanoparticles apart from 

larger particles by treating the nylon mesh screens in aqua regia and subjecting them to 

microwave digestion. The large size of this sampler, however, limits its use to area 

sampling. 

Shortcomings of the Literature 

Understanding and mitigating health risks posed by nanoparticles in the 

workplace require knowledge of relevant workers’ exposures. As nanoparticles are 

incorporated in matrix structures to form nanocomposite materials, workers of production 

facilities may be exposed to both bulk engineered nanoparticles and to matrix-embedded 

nanoparticles. The toxicity of these matrix-embedded particles may be very different 

from that of the bulk material. It is necessary to characterize exposure to airborne 

particles emitted during manufacturing of nanocomposite materials. Furthermore, local 

exhaust ventilation conditions need to be assessed to determine their effectiveness to 

control exposure during manipulation and mechanical processing of nanocomposite 

materials. Characterization of exposure to nanocomposite materials containing CNTs is 

particularly important because of their widespread use in manufacturing facilities and the 



 

 

17 

17 

currently ongoing effort to set exposure standards for CNTs (NIOSH, 2010). Research is 

needed to estimate and determine risks of exposure to CNT nanocomposite materials. 

There is a need for personal samplers capable of capturing airborne nanoparticles 

apart from other aerosols present in workplace atmospheres. Currently available 8-hr 

filter-based samplers (e.g., respirable samplers) cannot separate the mass of nanoparticles 

from that of larger particles. Selective collection of nanoparticles is necessary to properly 

assess the health risks associated with their inhalation. Additionally, accurate estimation 

of nanoparticle exposures via inhalation would be enhanced by collection of 

nanoparticles with a sampler that matches nanoparticle deposition in the respiratory 

system. Understanding personal exposures to nanoparticles will assist in the development 

of future toxicological and epidemiological studies. 

Characterization of nanoparticle exposure requires particle collection on 

substrates suitable for analytical techniques. Nylon mesh screens provide an inexpensive, 

disposable collection substrate that can be ashed or digested for multielemental analysis 

of particulate matter collected leaving minimal interfering residuals. These screens 

appear to be a suitable diffusion media for incorporation into a personal sampler for 

nanoparticles. The collection efficiency of nylon mesh screens for nanoparticles, and the 

ability of theoretical models to estimate their collection efficiency, however, have not 

been investigated. Furthermore, as engineered nanoparticles are present in workplace 

environments in various morphologies, the extent of the effect of particle morphology on 

the collection efficiency of nylon mesh screens needs to be investigated.  

Specific Aims 

The work presented in this doctoral dissertation attempts to fill the 

aforementioned shortcomings of the literature. The overall goals of this dissertation are to 

provide knowledge of worker’s exposure to nanoparticles and to assist in the 

development of standard methods to measure personal exposure to nanoparticles in 
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workplace environments. To achieve the first goal, a field study was conducted in Aim 1. 

The second goal was achieved in two laboratory studies described in Aims 2 and 3. 

Aim 1. Characterize airborne particles during handling of bulk CNTs and the mechanical 

processing of CNT composites, and evaluate the effectiveness of local exhaust 

ventilation systems to capture airborne particles generated by sanding CNT 

nanocomposites. A manuscript resulting from this work was published in the 

February 2011 issue of the Journal of Occupational and Environmental Hygiene, 

volume 8, pages 86-92. 

Aim2. Experimentally measure pressure drop and single-fiber efficiency by size of 

submicrometer particles for nylon mesh screens, determine how particle 

morphology affects collection efficiency of nylon mesh screens and evaluate 

filtration theory to estimate their collection efficiency for submicrometer particles. 

The target journal for this work is the Journal of Aerosol Science. 

Aim 3. Develop a sampling criterion for nano-particulate matter (NPM) based on 

nanoparticle deposition in the respiratory system. Develop and test the 

performance of a personal nanoparticle respiratory deposition sampler that 

selectively collects nanoparticles apart from larger airborne particles and samples 

according to the NPM criterion. The target journal for this work is Environmental 

Science and Technology. 
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CHAPTER II 

CHARACTERIZATION AND CONTROL OF 

AIRBORNE PARTICLES EMITTED DURING 

PRODUCTION OF EPOXY / CARBON NANOTUBE 

NANOCOMPOSITES1 

Abstract 

This work characterized airborne particles that were generated from the weighing 

of bulk, multi-wall carbon nanotubes (CNTs) and the manual sanding of epoxy test 

samples reinforced with CNTs. It also evaluated the effectiveness of three local exhaust 

ventilation (LEV) conditions (no LEV, custom fume hood and biosafety cabinet) for 

control of particles generated during sanding of CNT-epoxy nanocomposites. Particle 

number and respirable mass concentrations were measured using an optical particle 

counter (OPC) and a condensation particle counter (CPC), and particle morphology was 

assessed by transmission electron microscopy. The ratios of the geometric mean (GM) 

concentrations measured during the process to that measured in the background (P/B 

ratios) were used as indices of the impact of the process and the LEVs on observed 

concentrations. Processing CNT-epoxy nanocomposites materials released respirable size 

airborne particles (P/B ratio: weighing = 1.79; sanding = 5.90) but generally no 

nanoparticles (P/B ratio ~1). The particles generated during sanding were predominately 

micrometer-sized with protruding CNTs and very different from bulk CNTs that tended 

to remain in large (>1 µm), tangled clusters. Respirable mass concentrations in the 

operator’s breathing zone were lower when sanding was performed in the biological 

safety cabinet (GM = 0.20 µg/m3) compared to those with no LEV (GM = 2.68 µg/m3) or 

those when sanding was performed inside the fume hood (GM = 21.4 µg/m3; p-value < 

 
1Manuscript published in the February 2011 issue of the Journal of Occupational and Environmental 
Hygiene, volume 8, pages 86–92. 
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0.0001). The poor performance of the custom fume hood used in this study may have 

been exacerbated by its lack of a front sash and rear baffles and its low face velocity 

(0.39 m/sec). 

Introduction 

Carbon nanotubes (CNTs) can be incorporated into polymeric materials to form 

nanocomposite materials (Lau and Hui, 2002). Compared to the polymeric material 

alone, these nanocomposites have increased resistance to strain and tensile strength, 

improved electrical and thermal properties, and enhanced ability to bridge cracks (Lau 

and Hui, 2002). Products that incorporate CNT nanocomposites include sporting goods, 

automotive parts and electronics (Hansen et al., 2008), and the number of industrial and 

commercial applications of these nanocomposites are projected to increase as their 

production cost decreases (Lam et al., 2006; Hansen et al., 2008). 

Workplace exposure to airborne CNTs may represent an occupational hazard 

(Tejral et al., 2009). Toxicological studies have associated exposure to CNTs with 

adverse pulmonary (granulomas, fibrosis, diminished resistance to pathogenic attacks) 

(Lam et al., 2004; Warheit et al., 2003; Muller et al., 2005; Shvedova et al., 2003), 

cardiac (oxidative damage, atherosclerotic lesions) (Li et al., 2007) and dermal health 

effects (oxidative stress, increased cell apoptosis and necrosis) (Shvedova et al., 2003; 

Monteiro-Riviere et al., 2005).  

The production of CNT nanocomposites involves the processing of bulk CNTs, 

which are CNTs not incorporated in a matrix and CNTs embedded in a polymer matrix 

such as epoxy resin (Lam et al., 2006). Weighing or pouring bulk CNTs has been 

observed to release only small quantities (<53µg/m3) of airborne particles in laboratory 

(Baron et al., 2003; Maynard et al., 2004) and field conditions (Maynard et al., 2004). 

Appreciable respirable concentrations have been observed only after vigorous agitation 

(Maynard et al., 2004). In contrast, the mechanical processing of CNT nanocomposites 
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may impart greater energy to produce appreciable quantities of airborne particles during 

typical workplace operations. Köhler et al. (2008) suggest that the way CNTs are 

incorporated in the matrix and the mechanism by which a nanocomposite degrades 

determine the likelihood and form of their release. Mechanical processing of 

nanocomposites may release micrometer-sized aggregate polymer-CNT particles or 

CNTs in a dispersive nanoparticulate state (Lam et al., 2006; Köhler et al., 2008).  

Laboratory enclosures have been designed to protect workers from exposure 

during handling and processing of hazardous substances. The effectiveness of fume 

hoods as a control measure during nanoparticle manipulation has been investigated by 

Tsai et al. (2009b). They measured airborne concentration while dry nanopowders were 

handled under three fume hoods and a range of operating conditions (variable sash height 

and face velocity). Their results showed that the release of airborne nanoparticles from 

within a fume hood into the laboratory environment is highly dependent upon hood 

design and hood conditions (sash height, face velocity). Further, they suggested that more 

sophisticated hood designs, such as air-curtain biosafety cabinets, may be more effective 

in containing nanoparticles (Tsai et al., 2009b). The effectiveness of enclosures to contain 

particulate release, however, has not been investigated during the manipulation of 

nanocomposite materials containing CNTs.  

The goals of this study were 1) to characterize airborne particles during handling 

of bulk CNTs and the mechanical processing of CNT nanocomposites and 2) to evaluate 

the effectiveness of local exhaust ventilation (LEV) hoods to capture airborne particles 

generated by sanding CNT nanocomposites. 
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Methods  

Manufacturing Process 

This study was conducted in a facility that produces test samples composed of 

epoxy reinforced with CNTs. The test samples are rectangular sticks of CNT-epoxy with 

dimensions of 12.5 x 1.3 x 0.5 cm that are used to evaluate the effect of formulation 

variables on the properties of the nanocomposites. Specific details of this process are not 

reported at the request of the manufacturer; only the details required to interpret results 

from an occupational health and safety perspective are presented. 

To produce the test samples, bulk multi-wall CNTs with 10-50 nm outer diameter 

and 1-20 µm length (Baytubes, Bayer Material Science LLC, Pittsburg, PA) are weighed 

and mixed with epoxy. This mixture is poured into a mold designed to produce four test 

samples at a time and baked in an oven for several hours. Then the hardened 

nanocomposite test samples are broken apart manually, and each one is manually sanded 

to remove excess material until final dimensions are achieved. 

Airborne Particle Measurement and Characterization 

Airborne particle number and respirable mass concentrations were measured with 

two direct-read instruments: a condensation particle counter (CPC), and an optical 

particle counter (OPC). The CPC (model 3007, TSI Inc., St. Paul, MN) was used to 

provide total particle number concentration for particles that ranged in diameter from 

0.01 to 1 µm. The OPC (Portable Dust Monitor series 1.108, GRIMM Technologies, 

Douglasville, GA) was used to provide particle number concentration in 15 size channels 

from 0.3 to 20 µm. 

Respirable mass concentrations were estimated from the OPC data using the 

respirable particulate matter (RPM) fraction defined by ACGIH (2010). This fraction 
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consists of those particles that were captured as specified by the following collection 

efficiency: 

 RPM(dOPC,i)=0.5[1+exp(-0.06dOPC,i)]⋅[1-F(x)],              (2-1) 

where dOPC,i is the midpoint diameter of the OPC ith channel in µm, and F(x) is the 

cumulative probability function of the standardized normal variable x, 
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For each OPC measurement, respirable mass concentration, MR, was calculated as: 
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where NOPC,i is the number concentration indicated by the OPC for a given size channel i, 

and ρ is the particle density (2.25 g/cm3 for epoxy resin).  

The morphology of representative airborne particles was observed by 

transmission electron microscopy (TEM). Samples for microscopy were collected with a 

sampler similar to that described by Tsai et al. (2009b). It consisted of a copper TEM grid 

(300 mesh with carbon type-b film, 01813-F, Ted Pella, Inc., Redding, CA) affixed with 

carbon tape onto the center of the face of a polycarbonate membrane filter (E0055-MB, 

SPI Supplies, West Chester, PA). This filter was then mounted in an open-face 

conductive filter cassette (25 mm, 225-3-23, SKC Inc., Eighty Four, PA). Airflow was 

pulled through the sampler with a personal sampling pump (Buck Basic-5, A.P. Buck 

Inc., Orlando, FL) at 1 L/min. The copper grids were analyzed under TEM (JEM-1230; 

JEOL USA Inc., Peabody, MA) to characterize the size and morphology of a 

representative subset of the collected airborne particles.  
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Process Measurements 

Airborne concentrations were measured during two processes: weighing bulk 

CNTs and sanding epoxy nanocomposite test sticks. To simulate weighing, 600 mg of the 

bulk CNTs was transferred by scooping material between two 50 mL beakers for three 

five-minute intervals at a rate of ~ 1 scoop/sec. Each scoop contained approximately 50 

mg of CNT material. These tests were conducted in a filtered glove box with the CPC 

and OPC located inside the glove box with their inlets positioned 7.5 cm away from and 

oriented towards the weighing process. Background concentrations were measured for 15 

min inside the glove box before the process began. One TEM sample was collected inside 

the glove box during the entire weighing process. Additional TEM samples were 

prepared by artificially depositing CNTs on TEM grids by dropping them from a 

laboratory spatula on to the TEM grids. 

To study the sanding process, an operator manually sanded epoxy test sticks that 

contained 2% by weight CNTs with sandpaper (220 grit, model 20240, 3M, St Paul, 

MN). The operator wore a full-face respirator with particulate filters (Full Facepiece 

6700, 3M, St Paul, MN). Aerosol concentrations were measured for 15-30 min in two 

locations: adjacent to the sanding process and in the operator’s breathing zone. For 

process measurements (termed ‘inside enclosure’ measurements), the inlets of the CPC 

and OPC were positioned 7.5 cm away from and oriented towards the sanding process. 

For breathing zone measurements, two electrically conductive, flexible tubes (1.4 m long 

with an inner diameter of 0.48 cm) were used to transport the aerosol from just outside of 

the respirator to a second CPC and OPC. TEM samples were collected at 7.5 cm from the 

sanding surfaces. Diffusion losses introduced by the presence of the sampling tube on 

CPC measurements were estimated from theory to be 23% for 10 nm particles and less 

than 5% for particles larger than 40 nm (Brockmann, 2001). The bias introduced by the 
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sampling tube on respirable mass concentration was estimated to be less than -5% (Peters 

and Volkwein, 2003). 

For sanding, source and breathing zone measurements were taken under three 

LEV conditions (no LEV, a custom fume hood, and a biological safety cabinet). With no 

LEV, the sanding process was conducted on a 1.2 m by 2.2 m work table. The custom 

fume hood consisted of a simple vented enclosure that allowed airflow along all sides of 

the back panel. The custom fume hood had no front sash or rear baffles, and its 

dimensions were 0.57 m (height) by 1.33 m (width) by 0.76 m (depth). The face velocity 

of the hood was measured at the center of 21 equally spaced positions according to the 

procedures outlined by ANSI/ASHRAE 110-1995 (ANSI/ASHRAE, 1995). The 

biological safety cabinet was class II type A2 (Sterilgard III 303, Baker Co., Sanford, 

ME) with dimensions of 0.53 m (height) by 0.7 m (width) by 0.45 m (depth). The cabinet 

was tested for performance evaluation and operated with a 20 cm (8 inch) sash height. 

During all tests, the LEV contained no additional equipment that may have blocked 

airflow, and no other equipment external to the LEV was operated in the room that may 

have generated airborne particles. Background measurements were taken for 30 min prior 

to each test in the rooms as well as inside the LEV enclosures in the same location as the 

process measurements.  

Data Analysis  

All particle number and respirable mass concentrations were tested for normality 

using Shapiro-Wilk test before and after performing a log transformation. The geometric 

mean (GM) and geometric standard deviation (GSD) were obtained for all number and 

respirable mass concentrations at each condition tested. Process-to-background ratios 

(P/B ratios) were calculated for all measurements with the formula 

 

! 

P /B Ratio =
Process GM Concentration

Background GM Concentration
.                 (2-3)  
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Breathing zone and process GM concentrations were matched with their respective 

background measurements.  

Analysis of variance (ANOVA) was used to compare respirable mass 

concentrations measured in the operator’s breathing zone during the sanding process with 

and without control measures. Not all data passed the Shapiro-Wilk test for normality; 

therefore the concentrations were further compared by Kruskal-Wallis nonparametric 

test. The Tukey-Kramer Honestly Significant Difference (HSD) test was used to compare 

GM concentrations observed for different LEV conditions.  

Results 

The GM and GSD of the observed particle number and respirable mass 

concentrations are summarized by process in Table 2-1. Table 2-2 presents GM and GSD 

of the particle number and respirable mass concentrations obtained under various LEV 

conditions during the sanding process. The P/B ratios indicate the relative impact of the 

process (weighing or sanding) or of the LEV on observed concentrations. Values near 

unity indicate that the process generated little aerosol, whereas values progressively 

greater than unity indicate that the process increased aerosol concentrations. 

Influence of Process on Airborne Concentrations 

The weighing process contributed little to observed particle number 

concentrations (Table 2-1; P/B ratio = 1.06). It did influence mass concentration (Table 

2-1; P/B ratio = 1.79), although very low computed respirable mass concentrations were 

observed inside the glove box during weighing (GM = 0.03 µg/m3) and in background 

measurements (GM = 0.02 µg/m3). Electron microscope analysis revealed no CNT 

particles deposited on the TEM grids during the weighing process. The CNTs artificially 

deposited onto TEM grids appeared as large bundles (>1 µm) containing many tangled 

nanotubes (Figure 2-1). 
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During the sanding process, nanoparticle number concentrations were negligible 

compared to background concentrations (Table 2-1; P/B ratio = 1.04), indicating that 

nanoparticles did not disperse to any great extent. Respirable mass concentrations, 

however, were elevated in the breathing zone (Table 2-1; P/B ratio = 5.90).  

The particles collected during sanding were predominantly large (>300 nm) and 

irregular in shape (a representative particle is shown in Figure 2-2). These particles 

commonly had protuberances that emerged from the perimeter of the particles. These 

protuberances had an outer diameter between 10 and 50 nm, which is consistent with that 

of the CNTs. 

Influence of Local Exhaust Ventilation During Sanding 

Particle number concentrations measured in the breathing zone during sanding 

were negligible compared to background for all three LEV conditions (Table 2-2; 

breathing zone P/B ratios: custom fume hood = 1.03, no LEV = 1.04, biosafety cabinet = 

1.05). The P/B ratios were dissimilar for process measurements made inside enclosures 

(Table 2-2; inside enclosure). Inside the fume hood the P/B ratio was 1.01, very close to 

unity. Inside the biosafety cabinet, the P/B ratio was 2.35, indicating a 135% increase in 

number concentrations; however, the actual concentrations in this condition were very 

close to zero (GM = 0.06 particles/cm3), with a maximum of 8 particles/cm3.  

Respirable mass concentrations in the worker’s breathing zone varied 

substantially by LEV (Table 2-2; breathing zone). Figure 2-3 presents box-and-whisker 

plots of these breathing zone measurements. The ANOVA test reported significant 

differences between the three LEV conditions (p-value <0.0001 confirmed by Kruskal-

Wallis nonparametric test), and the Tukey-Kramer HSD test confirmed that all pair-wise 

comparisons were significantly different (p-values <0.00001). Inside the LEV enclosures, 

respirable mass concentrations were considerably higher than background levels. The P/B 
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ratio was 28.6 for the fume hood LEV and 3.47 for the biosafety cabinet LEV (Table 2-2; 

inside enclosure).  

The average face velocity of the fume hood, measured with a thermal anemometer 

(VelociCalc 8360, TSI, Inc. St. Paul, MN), was 0.39 m/sec (76 ft/min). As shown in 

Figure 2-4, the air velocity near the lower part of the hood’s face, closer to the sanding 

surface, was on average 0.23 m/sec (45 ft/min) while in the upper area it averaged 0.45 

m/sec (88 ft/min), with maximum flow at 0.60 m/sec (118 ft/min) in the upper central 

area of the hood’s face. 

Discussion 

Processing CNT-nanocomposite materials releases respirable size airborne 

particles but generally no nanoparticles. The finding that P/B ratios for number 

concentration were near unity (Table 2-1) indicates that nanoparticles did not disperse to 

any great extent either when weighing bulk CNTs or during the sanding process. This 

result is consistent with the work of Baron et al. (2003) and Maynard et al. (2004) who 

found that CNTs are difficult to separate into isolated particles and that the particles 

released during handling of bulk CNTs tend to be larger than 1 µm. Baron et al. also 

found that aerosol generation rates were typically two orders of magnitude lower when 

comparing CNTs to fume alumina bulk materials (a material formed from nanometer-

sized primary particles with similar low bulk density to CNTs).  

Respirable mass concentrations in the breathing zone of the operator were 

elevated compared to background during sanding without LEV (P/B ratio = 5.90). 

However, the geometric mean (GM = 2.68 µg/m3) was considerably lower than the only 

applicable occupational standard, the recommended American Conference of 

Governmental Industrial Hygienists (ACGIH, 2010) respirable particles threshold limit 

value for particles not otherwise specified (PNOS TLV – 3000 µg/m3).  
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The P/B ratio for respirable mass concentration of 1.79 measured during the 

weighing process (Table 2-1) appears to indicate that the process did influence mass 

concentrations. However, very low respirable mass concentrations were observed during 

weighing (0.03 µg/m3), and when concentrations are extremely low, even small 

fluctuations will be reflected as a substantial increase in the P/B ratios. Such small 

fluctuations may be related to normal background variability (Background GM 0.02 

µg/m3, GSD 2.06) rather than actual increases in respirable mass concentrations while 

weighing CNTs.  

The morphology of particles generated during sanding CNT-epoxy 

nanocomposites was very different from the bulk CNTs (Figures 2-1 and 2-2). The 

particles collected in the operator’s breathing zone during sanding were micrometer-sized 

with protruding features (Figure 2-2). Their morphology suggests that they are epoxy 

particles and that the protrusions are embedded CNTs which extend outward beyond the 

perimeter of the particle. No CNTs were observed free from composite material for the 

manual sanding studied in this work. It is, however, possible that free CNTs are 

generated and would be observed at higher concentrations or when mechanical sanding is 

performed.  

The fact that free CNTs were not liberated from the epoxy is consistent with 

research on asbestos-containing materials. Asbestos fibers that are encapsulated or 

bonded with other materials, such as resins, have been found to have a limited potential 

for airborne release (Mowat et al., 2000). Aggressive manipulation, such as sanding, 

sawing or drilling of polymer matrices containing asbestos fibers has been found to 

produce airborne concentrations of asbestos that are less than 1-2% lower than the 

historical standards set by OSHA and ACGIH for worker protection, and at least three-

fold less than the current 8-hour TWA occupational exposure limits (0.1 fiber/cm3) 

(Mowat et al., 2000).  
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No particles were found on the TEM samples collected during the raw CNT 

weighing simulation of this study. The CNTs that were artificially deposited onto TEM 

grids appeared mainly as large (>1 µm), tangled clusters. Similar large clusters were 

observed to deposit on the inner surface of the glove box during the process simulation. 

In contrast, exposure to asbestos fibers has been found to occur when workers handle and 

process raw asbestos fibers or friable products such as insulation (Mowat et al., 2000).  

Toxicological studies have focused to date on the adverse health effects 

associated with exposure to bulk CNTs. Our findings suggest that inhalation exposure to 

bulk CNTs is likely to be low in activities such as weighing. In contrast, sanding does 

generate respirable particles that can enter a worker’s breathing zone, and these particles 

were very different morphologically than bulk CNTs. Given the lack of toxicity data for 

this type of particles, it cannot be determined whether exposure to the sanding particles 

generated at the concentrations measured in this study presents a risk to workers’ health. 

Precautions such as the use of personal protective equipment or working within a hood 

that meets design specifications and standards or a biological safety cabinet should be 

taken until health effects are better understood.  

LEV conditions had a substantial influence on respirable mass concentrations in 

the operator’s breathing zone. Breathing zone concentrations were elevated when sanding 

took place inside the custom fume hood (Table 2-2 and Figure 2-3). The facemask of the 

operator performing the sanding task in the custom hood was consistently covered with 

particles that had to be removed with the use of dry wipes in order to improve visibility. 

The poor performance of the custom hood used in the current study may have 

been exacerbated by its lack of a front sash, its lack of rear baffles to distribute the 

airflow (Wunder, 2000) and its low face velocity. The ACGIH recommends an inward 

face velocity for a fume hood of 0.4-0.5 m/sec (80-100 ft/min) with a velocity difference 

at any point in the face opening no greater than 10% of the average velocity (ACGIH, 

2007). The maximum air velocity of the custom fume hood used in this study (0.60 
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m/sec; 118 ft/min) was 200% greater than its average velocity of 0.23 m/sec (45 ft/min). 

The uneven velocity distribution may have affected airflow patterns around the worker 

and the ability of the custom fume hood to remove particles from the operator’s breathing 

zone. Operator movements may increase air turbulence inside a hood, compromising its 

effectiveness to remove contaminants and pulling dust particles towards the operator 

(Wunder, 2000). Similar results were found by Tsai et al. (2009b), who observed the 

transport of alumina nanoparticles from within a fume hood that met ACGIH criteria for 

face velocity into the breathing zone of the operator. However, Tsai et al. (2009b) also 

found that containment in a conventional fume hood is highly dependent upon its design 

and operating conditions. These findings corroborate the importance of effective hood 

design details such as the use of air currents and how eddy currents may influence hood 

containment efficiency.  

In contrast, the breathing zone respirable mass concentrations (Table 2-2 and 

Figure 2-3) were significantly lower when sanding was conducted in the biosafety cabinet 

compared to the other LEV conditions. Airflows are substantially different in biosafety 

cabinets, mainly because of the presence of a front suction slot, which creates an air 

curtain across the front aperture (Kruse et al., 1991; Huang and Chou, 2009). This air 

curtain separates the outside atmosphere and the inside space of the cabinet, preventing 

escape of contaminants from containment. These observations suggest that biosafety 

cabinets may be an appropriate control measure to contain exposure during sanding of 

CNT-reinforced epoxy. 

The P/B ratio less than unity observed during sanding with the biosafety cabinet 

LEV (Table 2-2; 0.66) suggests that the mass concentration was greater in the 

background than that during sanding. This observation was likely due to fluctuations in 

background concentrations and to the extremely low mass concentrations (GM = 0.20 

µg/m3). Small fluctuations in background concentrations inside the biosafety cabinet 

could have substantially affected the P/B ratio, but do not appear to be related to the 
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sanding task. An analogous situation applies to the near zero particle number 

concentrations inside the biosafety cabinet (Table 2-2; GM = 0.06 particles/cm3) and its 

associated high P/B ratio (2.35).  

There are several limitations of this work. The fact that this work was conducted 

in an industrial facility under ‘as is’ conditions limited our ability to control experimental 

variables and perform extensive repeated measurements. Exposures during sanding may 

be highly variable depending on how forcefully the sanding is performed and whether it 

is done continuously over a 30-minute period. Future studies should investigate how 

process details affect particulate generation and establish how the amount of material 

dispersed from the sandpaper contributes to aerosol measurements. Although aerosol 

concentrations for all three LEV conditions were continuously logged over a 15-30 

minute period, the statistical parameters may not be representative of what is expected 

when a task is repeated several times. Lastly, it may be difficult to generalize the findings 

of this work to nanocomposite materials containing non-fibrous nanoparticles since non-

fibrous particles may be more easily aerosolized than fibrous particles.  

Conclusions 

This study demonstrated that weighing bulk CNTs and sanding epoxy containing 

CNTs generates few airborne particles that are nano-sized. Furthermore it was 

demonstrated that sanding epoxy containing CNTs may generate micrometer-sized 

particles with CNTs protruding from the main particle core. These epoxy particles with 

embedded CNTs, and not the bulk CNTs, appear to represent the relevant worker’s 

exposure during the production process examined in this study. The toxicity of epoxy 

particles containing CNTs is unknown and should be the topic of future studies. Without 

such knowledge, precautions, such as the use of LEV, should be applied to avoid 

exposures resulting from manipulating epoxy that contains CNTs. This study also found 

that a biological safety cabinet was more effective than a custom fume hood to control 
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airborne exposures resulting from sanding epoxy containing CNTs. Future studies should 

characterize exposures that occur throughout the various steps involved in the 

manufacturing of products that contain nanomaterials.  
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Table 2-1: Particle number and respirable mass concentrations observed during the 
weighing and sanding processes.  

 
 
 
 
 
 
 
 
 
 
 

Note: N represents the number of points logged by the instruments during one run. 

Number Concentration 

Process N GM (particles/cc) GSD P/B Ratio 

Weighing 300 166 1.08 1.06 

Sanding 100 3889 1.48 1.04 

Respirable Mass Concentration 

Process N GM (µg/m3) GSD P/B Ratio 

Weighing 51 0.03 3.50 1.79 

Sanding 130 2.68 6.57 5.90 
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Table 2-2: Particle number and respirable mass concentrations during sanding with and 
without local exhaust ventilation (LEV). 

Number Concentration 

 Breathing Zone  Inside Enclosure 

LEV N GM 
#/cc GSD P/B Ratio  N GM 

#/cc GSD P/B Ratio 

Custom 
Hood 210 1989 1.07 1.03  211 1742 1.05 1.01 

None 100 3889 1.48 1.04  119* 3765* 1.07* 1.01* 

Biosafety 
Cabinet 101 1350 1.07 1.05  108 0.06 2.41 2.35 

Respirable Mass Concentration 

 Breathing Zone  Inside Enclosure 

LEV N GM 
µg/m3 GSD P/B Ratio  N GM 

µg/m3 GSD P/B Ratio 

Custom 
Hood 190 21.4 5.85 24.4  93 31.5 12.1 28.6 

None 130 2.68 6.57 5.90  80* 10.6* 7.02* 23.2* 

Biosafety 
Cabinet 101 0.20 2.12 0.66  108 0.03 39.7 3.47 

Note: N represents the number of data points logged by the instruments during one run. 
*For LEV=none (work table), inside enclosure measurements were taken adjacent to the 
source in the same relative location as those taken inside the custom fume hood and the 
biosafety cabinet. 
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Figure 2-1: Bulk 10-50 nm outer diameter multi-wall CNTs with many tangled 
nanotubes. 



 

 

37 

37 

 
 
 
 

 

 

 

 

Figure 2-2: Sanding particle with detail of protruding fibers (TEM image). 
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Figure 2-3: Box-and-whisker plot of log-transformed respirable mass concentrations. 

Note: Box parameters represent median, lower and upper quartiles; whiskers represent  
sample minimum and maximum. 
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Figure 2-4: Air velocities in m/sec (ft/min) measured at the face of the custom fume 
hood. 
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CHAPTER III 

SUBMICROMETER PARTICLE COLLECTION 

EFFICIENCY FOR NYLON MESH SCREENS 

Abstract 

Mesh screens composed of nylon fibers leave minimal residual ash and produce 

no significant spectral interference when ashed for spectrometric examination. These 

characteristics make nylon mesh screens attractive as a collection substrate for 

nanoparticles. A theoretical single-fiber efficiency expression developed for wire-mesh 

screens was evaluated for estimating the collection efficiency of submicrometer particles 

for nylon mesh screens. Pressure drop across the screens, the effect of particle 

morphology (spherical and highly fractal) on collection efficiency and single-fiber 

efficiency were evaluated experimentally for three pore sizes (60, 100 and 180 µm) at 

three flow rates (2.5, 4 and 6 Lpm). The pressure drop across the screens was found to 

increase linearly with superficial velocity. The collection efficiency of the screens was 

found to vary by less than 4% regardless of particle morphology. Single-fiber efficiency 

calculated from experimental data was in good agreement with that estimated from theory 

for particles between 40 and 150 nm but deviated from theory for particles outside this 

size range. New coefficients for the single-fiber efficiency model were identified that 

minimized the sum of square error (SSE) between the values estimated with the model 

and those determined experimentally. Compared to the original theory, the SSE 

calculated using the modified theory was at least one order of magnitude lower for all 

screens and flow rates with the exception of the 60-µm pore screens at 2.5 Lpm, where 

the decrease was threefold.  
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Introduction 

Wire-mesh screens have been widely used to sample submicrometer particles 

from aerosol streams and for determination of particle size distributions (Gentry and 

Choudhary, 1975; Emi et al., 1982; Fu et al., 1990). The compact surface with uniform 

thickness, fiber diameter, pore size and packing density of wire screens provides a 

consistent airflow and uniform particle collection. Stainless steel wire screens are useful 

as diffusion cell material in screen-type diffusion batteries for measuring number, mass 

or radioactivity concentrations at the inlet and outlet of each cell (Sinclair and Hoopes, 

1975; Yeh et al., 1982; Cheng, 2001).  

Cheng et al. (1985) investigated collection efficiency for mesh screens consisting 

in a single layer of woven from stainless steel wire. They found that particle collection 

efficiency measured experimentally was in good agreement with filtration theory 

expressions by Kirsch and Fuchs (1967 and 1968) and Kirsch and Stechkina (1978) 

adapted for wire screens (Cheng et al., 1980; Cheng and Yeh, 1980). The efficiency of a 

screen of a given thickness is obtained from the calculation of the number of particles of 

a given dimension deposited on a unit length of fiber (Kirsch and Stechkina, 1978). The 

dimensionless particle deposition rate per unit length of fiber is defined as single-fiber 

efficiency, and the overall efficiency of a screen is a function of the single-fiber 

efficiency (Hinds, 1999). Compared to regular filter media, stainless steel mesh screens 

can be cleaned and reused multiple times. However, they are not well suited for chemical 

analysis because the metal wires are difficult to digest and analyze separately from the 

particles that are collected on their surface (Solomon et al., 2001). 

Nylon mesh screens offer distinct advantages over stainless steel wire screens. 

Nylon mesh screens consist of rows of a single layer of parallel equidistant nylon fibers 

with uniform diameter interwoven at 90˚ angles with pore openings ranging between 10 

and 180 µm. Nylon mesh screens provide an inexpensive disposable collection substrate 
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that can be ashed or digested for multielemental analysis of the particulate matter 

collected on the screens, such as atomic absorption spectroscopy and inductively coupled 

plasma-mass spectrometry (Northington, 1987; Grohse, 1999). Nylon fibers have been 

found to leave minimal residual ash and produce no significant spectral interference when 

ashed for spectrometric examination (Tuchman et al., 2008). Gorbunov et al. (2009) 

employed nylon screens in a size-selective particle collector. They analyzed the particles 

collected by the instrument by treating the nylon mesh screens in aqua regia and 

subjecting them to microwave digestion.  

The collection efficiency of nylon mesh screens, however, has only been tested 

for micrometer-sized particles (Yamamoto et al., 2005). The efficiency of nylon mesh 

screens to collect submicrometer particles has not been investigated. Furthermore, the 

ability of theoretical models to estimate collection efficiency of nylon screens for 

submicrometer particles has not been investigated. Particle size, particle morphology and 

several other fluid (flow rate, temperature, pressure) and screen (thickness, packing 

density, fiber diameter) characteristics play an important role and should be factored in 

the estimation of a screen’s collection efficiency when using filtration theory 

(Friedlander, 1958). The effect of morphology on collection efficiency for nylon mesh 

screens is not known; however, evidence for filters suggests that morphology may have 

an important effect. Kim et al. (2009) investigated the effects of particle morphology on 

particle deposition in fibrous filter media and found that agglomerates with mobility 

diameters larger than 100 nm experience greater collection than spherical particles with 

the same mobility diameters. For particles smaller than 100 nm, where diffusion is the 

predominant collection mechanism, collection efficiency was similar regardless of 

particle morphology (Kim et al., 2009).  

The goal of this study was to evaluate filtration theory applied to nylon mesh 

screens for estimating collection efficiency of submicrometer particles. A laboratory 

study was conducted to experimentally measure pressure drop and single-fiber efficiency 
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by particle size. These data were used to modify filtration theory to improve collection 

efficiency estimates of nylon mesh screens for submicrometer particles. A separate 

laboratory experiment was conducted to determine whether submicrometer particle 

morphology affects the collection efficiency of nylon mesh screens and should be 

included in the filtration theory model. 

Methods 

Screens 

Mesh screens composed of woven nylon 6-6 fibers with pore sizes 60, 100, and 

180 µm (models NY60, NY1H, NY8H; Millipore Corp., Billerica, MA) and stainless 

steel screens with twill weave (SS635) were tested in this work (Table 3-1). Nylon 6-6 is 

a commonly used synthetic polymer composed of hexamethylene diamine and adipic acid 

that each contain 6 carbon atoms (hence 6-6). As shown in Figure 3-1, these mesh 

screens exhibit uniform openings with fibers arranged at 90-degree angles. The packing 

density (α) or solid volume fraction of the nylon screens was calculated as: 

 

! 

" =
4 ms

# ds
2 h $s

,       (3-1) 

where ms is the mass of the screen measured using a microbalance (Model AX504 Delta 

Range, Mettler-Toledo Inc., Columbus, OH), ds is the diameter of the screen reported by 

the manufacturer, h is the thickness of the screen reported by the manufacturer and ρs is 

the density of the screen (1.15 g/cm3 for nylon 6-6).  

Experiments  

Pressure Drop and Single-Fiber Efficiency 

For each pore size, five screens were mounted in each of the ten stages of the 

diffusion battery (inner diameter, d0=3.81 cm) of a Diffusional Particle Sizer System 
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(Model 3040, TSI Inc., Shoreview, MN). The pressure drop across all 50 screens was 

measured with an inclined manometer (Model 400, Dwyer Instruments, Michigan City, 

IN) as a function of superficial velocity (U0). Superficial velocity was calculated as: U0 = 

Q / A0 where Q is the airflow rate through the diffusion battery screen and A0 is the screen 

area calculated using d0. Airflow rate was measured with a mass flowmeter (Model 4199, 

TSI Inc., Shoreview, MN) and varied from 1 Lpm (U0 = 1 cm/sec) to 90 Lpm (U0 = 130 

cm/sec). 

Using the same screen arrangement described above in the diffusion battery, 

particle collection efficiency by size was measured at flow rates of 2.5, 4 and 6 Lpm 

(Figure 3-2). Flow rates of 4 Lpm and 6 Lpm were selected to make this work directly 

comparable to that of Cheng et al. (1985), whereas the 2.5 Lpm flow rate was selected 

because it is a commonly used sampling flow rate for industrial hygiene equipment. 

Stainless steel screens were first tests in the experimental set up for direct comparison 

with the work of Chen et al. (1985). Nylon screens were subsequently mounted in the 

diffusion battery. Polydisperse ammonium fluorescein aerosol with a count median 

diameter of 60 nm and geometric standard deviation of 2.0 was generated by nebulizing a 

solution of 0.19% (by volume) fluorescein (C20H12O5) in 0.01 N ammonium hydroxide 

with a six-jet collison-type nebulizer (BGI, Waltham, MA). This aerosol distribution was 

selected to cover the wide particle size range between 10 and 300 nm. Compressed air 

was filtered with a high-efficiency particulate air (HEPA) filter, controlled with a 

regulator and fed into the nebulizer. The polydisperse aerosol was passed through a 

diffusion dryer (Model 3062, TSI Inc., Shoreview, MN) and a charge neutralizer (Model 

3054, TSI Inc., Shoreview, MN). A scanning mobility particle sizer (SMPS – Model 5.4, 

Grimm Technology, Douglasville, GA) was used to measure number concentrations by 

size entering Stage 0 of the diffusion battery (no screens, Cin) and exiting even stages 

between Stage 2 and Stage 10 (Cout) in the sequence: 0-2-0-4-0-6-0-8-0-10. After one 

sequence, new screens were placed in the diffusion battery and the measurements were 
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repeated to obtain a total of three replicates for each pore size and flow rate. The 

switching valve of the Diffusional Particle Sizer System was used to sequentially connect 

each exit port of the even stages of the diffusion battery to the SMPS. 

Aerosol penetration (P) was calculated for SMPS midpoint diameters between 10 

and 100 nm at 10 nm intervals, and 150, 200 and 300 nm as Pi,j,k = Cout,i,j,k / Cin,i,j,k , where 

i is the diffusion battery stage number (2 through 10), j is the SMPS midpoint diameter 

and k is the replicate (1 through 3). Following Cheng et al. (1985), the logarithm with 

base 10 of aerosol penetration by size was plotted relative to the total number of screens 

the aerosol passed in a corresponding stage i. Linear regression of the form log(Pj,k) = mj,k 

n, where n is the number of screens, was performed on the plotted data and single-fiber 

efficiency (η) by size was calculated from the slope (m) as:  

 ηj,k = -mj,k ln10/B,        (3-2) 

where B = 4αh/(π(1-α)df) and df is the fiber diameter. Mean single-fiber efficiencies of 

the three replicates were then plotted as a function of particle diameter, compared to 

estimates from theory (Cheng et al., 1985), and assessed for fit.  

Effect of Morphology on Collection Efficiency 

The effect of morphology on the collection efficiency of nylon mesh screens was 

observed for highly fractal and spherical particles using the experimental setup shown in 

Figure 3-3. Following Ku and Maynard (2006), silver (Ag) particles of varying 

morphology were generated using two horizontal tube furnaces in series. The first 

furnace (Lindberg/Blue, Laboratory Tube Furnace STF55433C) was operated at 1200 ˚C 

with pure nitrogen (purity level 99.999%) at an airflow of 1.0 Lpm passed over silver 

wire (purity level 99.9%) placed in a ceramic boat. A digital mass flow controller (Model 

0154, Brooks Instrument, Hatfield, PA) was used to maintain a constant nitrogen flow 

rate. The aerosol leaving the first furnace was passed through a coagulation chamber 
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(residence time ~ 40 sec) where the aerosol cooled to form chain agglomerates with an 

open structure (Figure 3-4, A). For highly fractal tests, the second furnace (Blue 

TF55035A, Blue M, New Columbia, PA) was operated at room temperature (furnace 

off). Alternatively for spherical particle tests, the second furnace was operated at 600 ˚C 

to sinter the agglomerates so that they would form spheres when cooled (Figure 3-4, B). 

The particles shown in Figures 3-4, A and 3-4, B were collected with an electrostatic 

precipitator located in place of the filter holder in the setup shown in Figure 3-3 and were 

analyzed under transmission electron microscopy. Filtered compressed air at 1.5 Lpm 

was added after the second furnace to bring the flow rate to the commonly used sampling 

flow rate for industrial hygiene equipment of 2.5 Lpm.  

Collection efficiency was measured for screens with 60-µm pore size (NY60), at 

2.5 Lpm, for 15, 40 and 100 nm mobility diameters, and for spherical and highly fractal 

particle morphologies. An electrostatic classifier (Model 3080L, TSI Inc., Shoreview, 

MN) was used to select the mobility diameters. A polonium-210 radioactive source 

(Model 2U500, NRD LLC, Grand Island, NY) was used to neutralize the aerosol before it 

was passed through a stack of either five NY60 screens (for the 20 nm tests) or twenty 

NY60 screens (for the 40 and 100 nm tests). New screens were passed under a polinium-

210 source (Model 2U500, NDR LLC, Grand Island, NY) for 10 seconds and loaded in 

the filter holder before each test. A condensation particle counter (Model 3022A, TSI Inc, 

Shoreview, MN) was used to measure monodisperse aerosol concentration for 120 

seconds before (Cin) and after (Cout) passing through the screens. This measurement 

procedure was repeated three times. Collection efficiency was calculated as E=1-(average 

Cout / average Cin), where the average represents the mean of the concentration over 120 

seconds.  
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Modification of Theory 

Single-fiber efficiency of screens can be expressed as the sum of the individual 

efficiencies for diffusion, interception and a correction term for diffusion and interception 

(Kirsch and Stechkina, 1978; Cheng et al., 1980 and 1985). Theoretical single-fiber 

efficiency of the nylon mesh screens was estimated following Cheng et al. (1985) as:  

 η=2.7 Pe-2/3 + 2 (2κ)-1 R2 + 1.24 κ-1/2 Pe-1/2 R2/3, (3-3) 

where Pe is Peclet number (Pe = df U0 /D), κ = - (1/2)lnc-0.75+c-(c2/4), c = 2α /π, R is 

the interception parameter (R = dp /df), U0 is the superficial velocity, and dp is the particle 

diameter. D is the diffusion coefficient D = kB T Cc /6 π µ dp , where kB is Boltzmann 

constant, T is temperature, Cc is the slip correction factor, and µ is the air viscosity. The 

coefficients of each term in Equation 3-3 were originally determined through laboratory 

experiments performed by Kirsch and Fuchs (1968). 

The experimental single-fiber efficiency values for a given particle size, 

calculated using Equation 3-2, were used to modify the coefficients of each term in 

Equation 3-3 (2.7, 2, and 1.24). New coefficients were determined to minimize the sum 

of the square error (SSE) between theoretical and experimental single-fiber efficiency 

values. The solver function (MS Excel, Microsoft Corp., Redmond, WA) was used to 

minimize the SSE by iteratively changing the three coefficients in Equation 3-3.  

Results and Discussion 

Pressure Drop and Collection Efficiency 

A linear relationship was observed between pressure drop and superficial velocity 

for all pore sizes over the velocity range from 1 to 130 cm/sec (Figure 3-5). A linear 

relationship between pressure drop and superficial velocity is an underlying assumption 

of a filtration theory for calculation of particle collection efficiency that is based on 

single-fiber efficiency (Cheng et al., 1985). 
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Mean experimental single-fiber efficiencies as a function of particle diameter with 

95% confidence interval error bars are provided in Figure 3-6 (closed symbols) for NY60 

screens at 6 Lpm. The theoretical expression of Equation 3-3 (solid line) is in good 

agreement with estimates of single-fiber efficiency for nylon net screens for particles 

between 40 and 150 nm, where theory was within the 95% confidence intervals of the 

experimental data points. Theoretical estimations, however, were outside of the 95% 

confidence intervals of the experimental data for particles smaller than 40 nm, where 

efficiency was overestimated, and larger than 150 nm, where efficiency was 

underestimated.  

This work represents the first measurements of collection efficiency of nylon net 

screens for submicrometer particles. The theoretical estimations of the single-fiber 

efficiency model tested by Cheng et al. (1985) on stainless steel screens have been used 

to determine the number and pore size of nylon mesh screens for a size-selective collector 

for particles smaller than 0.25 µm (Gorbunov et al., 2009). The collection efficiency of 

nylon mesh screens, however, has only been investigated for micrometer-sized particles 

ranging between 0.3 to 100 µm (Yamamoto et al., 2005). In their work, Yamamoto et al. 

(2005) found high variability in experimental data and discrepancies between theoretical 

and experimental collection efficiencies. Particularly, they found that the theoretical 

estimations were higher than the experimental collection efficiencies for particles smaller 

than 5 µm and larger than 20 µm. The present tests and evaluations of collection 

efficiency for submicrometer particles, coupled with the analytical advantages of the 

nylon fibers, provide valuable information for future uses of nylon mesh screens as 

particle collection media.  

Effect of Morphology on Collection Efficiency 

The results of the silver particle morphology tests are summarized in Table 3-3. 

For each mobility size, morphology affected efficiency by less than 4%. No specific 
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morphology was found to affect overall efficiency more than another. For the 15-nm 

aerosol, highly fractal particles had smaller collection efficiency (34.3%) than spherical 

particles (37.9%). Conversely, for 40 and 100-nm mobility sizes the spherical particles 

had smaller collection efficiency (43.9% and 23.4% respectively) while highly fractal 

particles had larger collection efficiency (45.6% and 24.0% respectively).  

Highly fractal particles have larger interception lengths than spherical particles; 

however, when compared to the screen fiber diameter (33 µm), the particles studied in 

these tests were so small (≤100 nm) that interception may not play a significant role in 

their collection. Visual comparison between fiber diameter and particle size can be 

observed in the inset in Figure 3-1, showing fluorescein nanoparticles deposited on a 

NY60-screen fiber. These efficiency similarities are consistent with the findings for 

fibrous filters of Kim et al. (2009), who found that for particles smaller than 100 nm 

penetration through filters was similar regardless of particle morphology.  

These results have implications for the evaluation of theory. A significant effect 

of morphology on the screen’s overall efficiency would have warranted the inclusion of 

this factor in the theoretical model. These tests confirmed the negligible effect of 

morphology on collection efficiency of submicrometer particles and validated its 

exclusion from theoretical estimation models.  

Modification of Theory 

The experimental collection efficiency data was used to empirically modify the 

coefficients of Equation 3-3. These coefficients were estimated by minimizing the SSE 

between theoretical and experimental data. The SSE values for the theoretical model with 

the original coefficient (Equation 3-3) and modified theory with new coefficients are 

reported in Table 3-2. The modified coefficients are 2.3, 2 and 4.3, thus the modified 

single-fiber efficiency theory is expressed as: 

 η = 2.3 Pe-2/3 + 2 (2κ)-1 R2 + 4.3 κ-1/2 Pe-1/2 R2/3.                   (3-4) 
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For all screen types and flow rates tested, the SSE was lower for the theory with the 

modified coefficients than for that with the original coefficients (Table 3-2), indicating 

improved fit. The SSE was at least one order of magnitude lower when calculated using 

Equation 3-4 for all screens and flow rates with the exception of the NY60 screens at 2.5 

Lpm flow rate, where the decrease was threefold.  

The improved agreement between the modified single-fiber efficiency and the 

experimental data is visible in Figure 3-6, where the dotted line represents the modified 

theoretical estimations of Equation 3-4. Figure 3-7 presents mean experimental single-

fiber efficiency and theoretical estimations calculated using Equation 3-4 for all pore 

sizes and flow rates tested, showing that the theoretical values estimated with the 

modified coefficients fall within the 95% confidence interval error bars of the 

experimental values. The new model (Equation 3-4) can therefore be used for estimating 

theoretical efficiency of nylon net screens if the physical dimensions of the screens (i.e., 

screen thickness, fiber diameter and packing density) are known as E=1-exp(-ηBn), 

where η is Equation 3-4 and n is the number of screens. 

Estimates of single-fiber efficiency made with the original theory (Equation 3-3) 

fell within the 95% confidence interval of experimental data only for particles between 

40 and 150 nm for both nylon and stainless steel screens. The tests performed with the 

stainless steel screens allowed direct comparison of our results with those of Cheng et al. 

(1985), who found that this model fit experimental values well for stainless steel screens 

for all particle sizes tested from 0.22 to 0.95 um. Deviation of experiment from theory 

was expected for nylon but not stainless steel screens.  

 The deviation observed for stainless steel screens may be due to differences 

between the experimental setup and the instrumentation used in this study and that of  

Cheng et al. (1985). Cheng and coworkers generated polydisperse oleic acid aerosol that 

was subsequently classified to yield monodisperse fractions. Aerosol concentrations were 

measured simultaneously with a condensation nucleus counter (CNC) and a Faraday cup 
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with an electrometer, and the slopes obtained from the linear regression on aerosol 

penetration by number of screens of the two sets of data were averaged prior to the 

calculation of single-fiber efficiency. This method yielded one single-fiber efficiency 

value per particle size and no indication of the variability within measurements for each 

particle size. In our experiments, we generated polydisperse ammonium fluorescein 

aerosol and measured aerosol concentration by size using an SMPS. This method greatly 

reduced the number of experiments and allowed us to obtain triplicate measurements for 

each particle size. Linear regression was performed on each set of data and the linear 

regression slopes were not averaged prior to the calculation of single-fiber efficiency. 

The single-fiber efficiency values obtained from the slopes were averaged and the 

repeated measurements were used to estimate 95% confidence intervals around the mean 

efficiencies. 

A similar approach to developing empirical efficiency models has been taken by 

Wang et al. (2007). In a study that investigated the filtration efficiency due to diffusion of 

standard filters for particles ranging between 3 and 400 nm, they compared experimental 

data with a theoretical filtration model similar to the one used in this study. Wang et al. 

(2007) averaged the model coefficients obtained from experimental data of four filter 

medias to develop a new model that better estimates the filter’s collection efficiency. 

Unlike nylon net screens, standard filters have non-homogeneous fiber diameters that 

make it difficult to theoretically express filtration efficiency. 

There are some limitations to this work. The modified single-fiber efficiency 

model provided in this study (Equation 3-4) may not apply to particle sizes outside of the 

range observed in this study (10-300 nm). Additionally, nylon fibers may develop and 

retain static electricity charges that may affect the collection efficiency of the screens. 

The effect of these charges on particle collection efficiency was not investigated in this 

study. The effects of particle morphology were tested on silver particles; therefore, the 

results obtained may not apply to fibrous particles such as carbon nanotubes.   
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Conclusions 

The pressure drop and submicrometer particle collection efficiency was measured 

experimentally for three pore sizes of nylon mesh screens. The effects of particle 

morphology on collection efficiency of the screens were also evaluated. No substantial 

effects on efficiency changes were found for spherical and highly fractal silver particles. 

Single-fiber efficiency of the nylon mesh screens was calculated from the experimental 

data and compared to the theoretical estimations for fibrous filters of Kirsch and 

Stechkina (1978) adapted for mesh screens by Cheng et al. (1980). The results of this 

comparison indicated that the theoretical estimations were in good agreement with the 

experimental data for particles between 40 and 150 nm, but the experimental data 

deviated from theory for particles smaller than 40 nm and larger than 150 nm. A modified 

theory to estimate collection efficiency of nylon mesh screens was generated by 

empirically modifying the model’s coefficients. The modified theory was found to better 

match the experimental data and fell within the 95% confidence interval limits of the 

experimental data.  

Nylon mesh screens provide a low-cost, disposable collection surface suitable for 

collection of nanoparticles and compatible with a wide range of analysis methods. The 

ability to accurately estimate collection efficiency of submicrometer particles and of 

analyzing their composition with minimal interference from the nylon fibers makes nylon 

mesh screens an ideal collection substrate for nanoparticles. The use of nylon mesh 

screens as diffusion material may help better understand and estimate workers’ exposure 

to nanoparticles. 
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Table 3-2: Sum of squares error between experimental single-fiber efficiency values and 
theoretical models (original and modified). 

Sum of Squares Error 
Screen Type Flow Rate 

[Lpm] Original Theory 
(Equation 3-3) 

Modified Theory 
(Equation 3-4) 

2.5 8.65 x 10-3 2.43 x 10-3 
4 3.08 x 10-3 5.59 x 10-4 NY60 
6 4.86 x 10-4 3.83 x 10-5 

2.5 9.50 x 10-4 5.07 x 10-5 
4 6.53 x 10-4 5.57 x 10-5 NY1H 
6 1.77 x 10-4 5.25 x 10-5 

2.5 8.43 x 10-4 5.87 x 10-5 

4 4.41 x 10-4 2.39 x 10-5 NY8H 
6 2.11 x 10-4 4.46 x 10-6 

2.5 1.32 x 10-2 3.76 x 10-3 
4 2.95 x 10-3 2.23 x 10-4 SS635 
6 3.54 x 10-3 8.58 x 10-4 
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Table 3-3: Effects of particle morphology on collection efficiency of NY60 screens. 

Collection Efficiency (Standard Deviation) 
[%] Particle 

Diameter [nm] 
Number of 

Screens 
Spherical Highly Fractal 

15 5 37.9 (0.6) 34.3 (0.7) 

40 20 43.9 (0.1) 45.6 (0.5) 

100 20 23.4 (0.3) 24.0 (0.2) 
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Figure 3-1: Scanning electron microscopy image of NY60 nylon mesh screen with insert 
showing fluorescein loading (white spots) on a single fiber. 
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Figure 3-2: Experimental setup for submicrometer particles collection efficiency tests. 
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Figure 3-4: Transmission electron microscopy images of (A) highly fractal Ag 
nanoparticles (no sintering) and (B) spherical Ag nanoparticles (600 ˚C sintering). 
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Figure 3-5: Pressure drop per screen as a function of superficial velocity. 

Note: Solid line is a linear regression through data points. 
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Figure 3-6: Experimental data with comparison of original and modified single-fiber 
efficiency theory for NY60 screens at 6 Lpm. 

Note: Error bars represent 95% confidence intervals. 
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CHAPTER IV 

A PERSONAL NANOPARTICLE RESPIRATORY 

DEPOSITION (NRD) SAMPLER 

Abstract 

Nanoparticles can elicit substantially greater toxic effects than larger particles of 

the same composition. However, the mass of nanoparticles is often obscured by that of 

larger particles in samples collected with traditional 8-hr, filter-based personal samplers 

(e.g., respirable samplers). This work describes the development of a personal 

nanoparticle respiratory deposition (NRD) sampler that selectively collects particles 

smaller than 300 nm in the manner that they typically deposit in the respiratory system. A 

sampling criterion for nanoparticulate matter (NPM) was defined, using the International 

Commission on Radiological Protection deposition curve, to serve as a target for the 

development of the sampler. The NRD sampler consists of a respirable cyclone fitted 

with an impactor and a diffusion stage that contains eight nylon-mesh screens. The 

sampler operates at 2.5 Lpm and fits on a worker’s lapel. The efficiency of the impactor 

was tested using sodium chloride aerosol with and without prior loading of the impaction 

plate to determine its ability to tolerate typical workplace loading without performance 

disruptions. The cut-point diameter of the impactor was 300 nm with a sharpness σ = 

1.53. Loading at typical workplace levels was found to have no significant effect on the 

impactor’s performance. The effective deposition of nanoparticles on the mesh screens of 

the diffusion stage with the respirable cyclone and impactor present was measured by 

depositing 20, 40, 100, 200 and 500 nm monodisperse ammonium fluorescein particles, 

which were subsequently recovered and measured with the use of a fluorometer. The 

effective deposition of the NRD sampler was found to match the NPM sampling 

criterion, showing that a sample collected with the NRD represents the concentration of 
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nanoparticles deposited in the human respiratory system. The sampler can also be easily 

modified to match alternative future collection criteria for nanoparticles.   

Introduction 

Workers produce and handle engineered nanomaterials in substantial quantities in 

the manufacture of hundreds of commercial products (Hansen et al., 2008). Exposure 

through inhalation of these materials is a primary concern for worker health and safety 

because of the sensitivity of the respiratory system (Papp et al., 2008). The airborne 

nanoparticle component (≤ 100 nm) is of particular concern because nanoparticles can 

elicit substantially greater toxic effects than larger particles of the same composition 

(Oberdörster et al., 1994; Grassian et al., 2007). Moreover, nanoparticles may translocate 

from the respiratory tract to other organs and the blood stream (Oberdörster et al., 2002 

and 2004). The National Institute for Occupational Safety and Health (NIOSH) has 

proposed draft guidelines for ultrafine titanium dioxide, which includes recommended 

exposure limits and exposure assessment method (NIOSH, 2005b). The proposed 

exposure assessment method relies on traditional 8-hr, filter-based, personal respirable 

sampling (NIOSH, 2005b). 

Size-selective samplers are used to collect particles with efficiencies that 

represent how particles enter into or deposit within the respirator system. Respirable 

samplers are used to collect particles with efficiencies that approximate the fraction of 

aerosol that, once inhaled, can penetrate into the gas-exchange region of the respiratory 

tract (Vincent, 1999). They are designed to match a specific sampling criterion, which 

defines collection efficiency of particles to the filter as 50% for 4-µm particles and 100% 

for particles smaller than 1 µm (ACGIH, 2010). By this definition, respirable samplers 

must prevent the collection of larger particles (>10 um) that may exist in the environment 

while selectively sampling only these smaller particles at the specified collection 

efficiencies. However, when aerosols include both nanoparticles and respirable particles, 
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the mass measured from a sample collected using a respirable sampler will be dominated 

by the larger, non-nanoparticles. Hence, in many occupational environments where both 

nanoparticles and respirable particles coexist, the respirable sampler has limited 

usefulness in quantifying nanoparticle exposures.  

 To overcome this problem for assessing titanium dioxide nanoparticle exposures, 

NIOSH recommends both mass-based respirable sampling analysis coupled with analysis 

by electron microscopy (NIOSH, 2005b), where the nanoparticles would be characterized 

with an energy dispersive x-ray analyzer. However, there are no standard methods for 

this analysis, and electron microscopy is particularly expensive (>$300 per sample) 

compared to bulk analysis methods (~$30 per sample). A personal sampling method that 

removes larger particles and only collects nanoparticles would streamline exposure 

assessment.  

Wire mesh screens have been used successfully to preferentially collect 

nanoparticles (Yeh et al., 1982). The Brownian motion of particles smaller than 300 nm 

enhances their deposition onto the surface of the wires by diffusion (Kleinstreuer et al., 

2008). Stainless steel screens have typically been used, although they are incompatible 

with bulk analyses techniques that require dissolution of the collection media (Grohse, 

1999). Gorbunov et al. (2009) developed a size-selective sampler that uses an impactor to 

remove large particles and nylon mesh screens to collect nanoparticles. They analyzed 

these nanoparticles by treating the nylon mesh screens in aqua regia and subjecting them 

to microwave digestion. While it provides a method for separating and analyzing 

nanoparticles from other aerosol components, its large size limits this sampler to area 

sampling and does not collect particles with physiological relevance.  

Because exposure assessors have a need to characterize exposures to 

nanoparticles in environments where other size-fractions may exist, a need exists to 

develop a sampler that can preferentially eliminate large particles and allow 

quantification of small, nanoparticle aerosols. An ideal sampler would be portable, allow 
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placement within the breathing zone of a worker and collect nanoparticles in a way that 

mimics their respiratory deposition (Johnson and Esmen, 2004). By capturing only 

nanoparticles on the sampling media, cost-efficient bulk analysis techniques could then 

be used to estimate the amount of deposited nanomaterials. 

This work presents the development of a personal nanoparticle respiratory 

deposition (NRD) sampler capable for deployment as a full-shift, personal sampler that 

selectively collects nanoparticles apart from larger particles in a workplace atmosphere. 

Rather than attempting to collect nanoparticles with 100% efficiency, the sampler was 

designed to collect nanoparticles as they deposit in the respiratory tract to provide a 

physiologic relevance to sampler’s performance. Consequently, the NRD sampler is 

fundamentally different from commonly used samplers (e.g., respirable and inhalable 

samplers) that are based on penetration of particles to different regions of the respiratory 

system (Soderholm and McCawley, 1990). A new sampling criterion—nanoparticulate 

matter (NPM)—was first devised to provide the target collection efficiency, by particle 

size, for the sampler. The NRD sampler presented here was developed by incorporating a 

respirable sampler (to eliminate particles larger than 10 um), an impaction plate (to 

further remove particles down to 300 nm) and a deposition stage where the remaining 

nanoparticles deposit onto nylon mesh screens with collection efficiency to match this 

target sampling criterion. Subsequent chemical analysis of the nanoparticles deposited on 

the collection media of the NRD sampler allows for characterization of nanoparticles 

apart from larger background particles.  

Methods 

Development of a Target Size Selection Curve 

Particle deposition in all regions of the respiratory tract is shown as the dashed 

line in Figure 4-1. Deposition of particles measured experimentally under a wide variety 
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of conditions (Heyder et al., 1986; Kim and Hu, 1998; Kim and Jaques, 2000) generally 

follows the respiratory deposition curve for the average adult under light exercise and 

nose-breathing conditions presented by the International Commission on Radiological 

Protection (ICRP, 1994). For this reason, the ICRP curve was used to develop the NPM 

sampling criterion. The region of interest for the NPM curve was all particles smaller 

than 300 nm, the minimum deposition for sub-micrometer particles.  

We have defined NPM fraction, for a given particle size, as the fraction of those 

particles that, when inhaled, can deposit in the respiratory system. Therefore, the NPM 

fraction is a subset of the inhalable particulate matter (IPM) collection efficiency, defined 

as:   

 IPM(d)=0.5[1+exp(-0.06 d)] for (0 < d ≤ 100 µm) ,        (4-1) 

where d is the particle diameter in µm (ACGIH, 2010). The collection efficiency for 

NPM is, therefore, given by: 

 NPM(d)=IPM(d)[1-F(x)],                      (4-2)  

where F(x) is the cumulative probability density function of the standardized normal 

variable x, 

 

! 

x =
ln d /"( )
ln #( )

,        (4-3) 

with Γ = 0.04 µm (40 nm), and Σ = 3.9. The mathematical form for this criterion is the 

same as that used for the thoracic and respirable criteria (ACGIH, 2010). The value for Γ 

represents the particle size associated with 50% deposition, or d50 cutoff diameter. This 

value was selected as the particle size smaller than 300 nm associated with 50% 

deposition as defined by the ICRP curve. Examining Figure 4-1, we find that in this 

region d50 = 40 nm. The value for Σ was fitted by minimizing the sum of squares error 

between the ICRP total deposition curve and the NPM equation for particles smaller than 
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300 nm. This minimization was carried out in a MS Excel (Microsoft Corp., Redmond, 

WA) spreadsheet using the solver function.  

The resulting NPM sampling criterion is shown by the solid line in Figure 4-1. 

This criterion provided a rational target for the development of the NRD sampler and ties 

its performance to the physiologically relevant fractional deposition of nanoparticles in 

all regions of the respiratory tract. The shallow shape of the collection efficiency curve 

matched the collection efficiency performance form associated with diffusion techniques 

(rather than the sharp curve associated with impaction). This allowed the design of the 

sampler with diffusion screens to collect nanoparticles, achieving a sampler pressure drop 

small enough for use with conventional occupational hygiene belt-mounted sampling 

pumps. 

Description of the NRD Sampler 

The NRD sampler consists of three primary components assembled in series: a 

25-mm respirable aluminum cyclone (Model 225-01-01, SKC Inc., Eighty Four, PA), an 

impaction stage and a diffusion stage (Figure 4-2). Air is drawn through the cyclone, 

which removes particles larger than the respirable sampler criterion and transports the 

respirable fraction to the impaction stage, where particles larger than 300 nm are 

removed. In the diffusion stage, the remaining airborne nanoparticles diffuse to and are 

collected onto a stack of eight hydrophilic nylon mesh screens with 11 µm pore size and 

6% porosity (Model NY1102500, Millipore Inc., Billerica, MA) with an efficiency 

closely matching the NPM sampling criterion.  

The sampler is lightweight (~60 g), fits in a standard lapel mount (Model 225-1, 

SKC Inc., Eighty Four, PA) and operates at an airflow rate (Q) of 2.5 Lpm with a 

pressure drop of 3.54 kPa (14.2 in. H2O). The sampler can be used with a commercially 

available belt-mounted sampling pump for the duration of a work-shift (e.g., AirCheck 

2000, SKC Inc., Eighty Four, PA).  
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The impaction stage was designed following Marple and Willeke (1976) impactor 

design procedures to achieve a d50 of approximately 300 nm at a flow rate Q = 2.5 Lpm. 

The initial design parameters included the selection of jet width (W) and number (n) to 

achieve a Reynolds number 500 < Re < 3000. This stage consists of three round 

acceleration nozzles having a width W and throat length L, and an impaction plate at a 

distance S from the nozzles. The impaction plate requires the application of a thin layer of 

vacuum grease prior to operation. A description of the pilot designs of the impaction 

stage can be found in Appendix A. The final design parameters are presented in Table 4-1 

and were calculated assuming temperature T = 20 ˚C, pressure P = 98.6 kPa, particle 

density ρp = 1000 kg/m3, air density ρg = 1.2 kg/m3 and air viscosity µ = 1.81×10-5 Pa s. 

Filtration theory from Cheng et al. (1985), validated and modified for use with 

nylon mesh screens in our previous work (Chapter III), was used to determine the number 

and mesh size of diffusion screens necessary to match the NPM sampling criterion. The 

diffusion screens are tightly held in place in the diffusion stage by an aluminum ring with 

three spokes.  

Tests of the collection efficiencies of the impactor, both clean and pre-loaded, and 

the mesh screen diffusion collector were performed in series. 

Evaluation of the Impactor Performance 

The experimental setup shown in Figure 4-3 was used to evaluate the impaction 

stage. A three-jet Collison nebulizer (BGI, Waltham, MA) was used to aerosolize a 16% 

(by volume) aqueous sodium chloride (Fisher Scientific, Lot No. 028258) solution. The 

resulting polydisperse aerosol was fed into a dilution chamber, mixed with clean, dry air, 

and passed through a charge neutralizer (Model 3054, TSI Inc., Shoreview, MN) and a 

diffusion dryer (Model 3062, TSI Inc., Shoreview, MN). The aerosol was then passed 

into a 0.002 m3 glass chamber, through the impactor stage and into a second identical 

glass chamber.  
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The particle number concentration by size was measured alternately from within 

the glass chamber upstream (Cin) and from within that downstream (Cout) of the impactor. 

A scanning mobility particle sizer (SMPS – Model 3080, TSI Inc., Shoreview, MN; 

airflow = 0.3 Lpm) was used to count particles from 15 to 500 nm, and an aerodynamic 

particle sizer (APS – Model 3321, TSI Inc. Shoreview, MN) was used to count particles 

from 0.5 to 2 µm. The APS was modified so that the sample entered directly into the 

aerosol inlet at 1 Lpm. A mass flow controller (Model GFC37, Aalborg Instruments & 

Controls Inc., New York, NY) was used to maintain a constant flow rate of 2.5 Lpm 

drawn through the impactor with a vacuum pump (Model 4F740A, Gast Manufacturing 

Inc., Benton Harbor, MI). The alternating of measurements upstream and downstream of 

the impactor was repeated at least three times. A differential pressure gauge (Magnehelic 

2020, Dwyer Instruments Inc., Michigan City, IN) was connected to each glass chamber 

to measure the pressure drop across the impactor stage. 

The collection efficiency (E) of the impactor stage for a given particle size (i) was 

calculated as: Ei=1-Cout,i / Cin,i. The collection efficiency data were fitted with a logistic 

sigmoidal algorithm (OriginPro v8.5, OriginLab Corporation, Northampton, MA) of the 

form 

 

! 

E = a2 +
a1 " a2

1+
d
x0

# 

$ 
% 

& 

' 
( 

p ,  (4-4) 

where a1, a2, x0 and p are the coefficients determined by the algorithm. The sigmoidal 

algorithm allowed accurate estimation of the d50, d84 and d16 of the impactor stage, which 

correspond respectively with the 50%, 84% and 16% collection efficiencies of the 

impactor. The sharpness (σ) of the collection efficiency curve was calculated as: 
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" =
d84

d16

                      (4-5) 
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Evaluation of Impactor Performance after Loading 

The performance of the impactor after being loaded with particles was evaluated 

using the experimental setup shown in Figure 4-4. An aerosol composed of fine test dust 

(Batch #1569, AC Spark Plug Company, Flint, MI) with 10-µm volume median diameter 

was generated using a fluidized bed aerosol generator (Model 3400, TSI Inc., Shoreview, 

MN) and injected into a 0.02 m3 sampling chamber. The aerosol in the chamber was 

sampled simultaneously with two samplers: 1) the NRD respirable cyclone with the 

impactor stage downstream; and 2) the NRD respirable cyclone with a 37-mm filter 

cassette containing a Teflo filter (P/N 225-1709, SKC, Inc., Eighty Four, PA) with a 

support pad downstream. The filter was weighed before and after each test using a 

microbalance (Model MT5, ISO 9001, Mettler-Toledo Inc., Columbus, OH) to determine 

the mass concentration of dust passing to the impactor.  

Two loading levels were targeted to simulate sampling in an environment with 3 

mg/m3 passing the cyclone to the impactor for 4 hrs (12 mg/m3×hr) and 8 hrs (24 

mg/m3×hr). These values represent worst-case loading of the impactor at the threshold 

limit value established by the American Conference of Governmental Industrial 

Hygienists for respirable particles not otherwise specified over times relevant to 

workplace sampling. Actual loadings measured from the filter sampler for the 4 and 8 hrs 

loading scenarios were respectively 13.6 mg/m3×hr, and 21.5 mg/m3×hr.  

After loading, the impaction stage was separated from the cyclone and placed in 

the previously described impaction stage evaluation setup (Figure 4-3). The sampler, now 

with pre-loaded impaction stages, was again tested with sodium chloride aerosol. The 

collection efficiency was measured in triplicate following the same procedures outlined 

above in the impaction stage evaluation. Two replicates of loading followed by collection 

efficiency measurement were performed for both loading levels. The impaction substrate 

was cleaned and new grease was applied prior to each loading replicate measure. 
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Two-way analysis of variance (ANOVA) was performed (Minitab, Minitab Inc., 

State College, PA) on efficiency versus loading and particle size to determine whether the 

collection efficiency was significantly affected by loading of the impaction substrate (p ≤ 

0.05). The loading levels used in the ANOVA were no previous loading, 13.6 mg/m3×hr, 

and 21.5 mg/m3×hr.  

Effective Deposition to the Screens of the NRD Sampler 

The experimental setup presented in Figure 4-5 was used to measure the effective 

deposition on the diffusion stage of the NRD sampler. Deposition was computed for 

monodispersed aerosols with mean particle diameters of 20, 40, 100, 200 and 500 nm. To 

generate seed aerosol for 20-nm tests, an electrospray aerosol generator (Model 3480, 

TSI Inc, Shoreview, MN) was used to aerosolize a 0.01% (by volume) solution of 

ammonium fluorescein (C20H12O5, Acros Organics, Lot No. A0206621001) in 0.01 N 

ammonium hydroxide (NH4OH). A three-jet collison-type nebulizer (BGI, Waltham, 

MA) was used to nebulize an ammonium fluorescein solution of 0.03% by volume for the 

40, 100 and 200-nm tests and 0.15% by volume for the 500-nm tests. The aerosol was fed 

into a dilution chamber, mixed with clean dry air and passed through an electrostatic 

classifier (Model 3071, TSI Inc., Shoreview, MN). Because of the difficulty to produce 

substantial concentrations of small (20 nm) fluorescein particles, the dilution chamber 

was removed during the generation of the 20-nm aerosol with the electrospray aerosol 

generator. The resulting monodisperse aerosol was neutralized (Model 3054, TSI Inc., 

Shoreview, MN) and dried (Model 3062, TSI Inc., Shoreview, MN) before entering a 

0.02 m3 sampling chamber. An SMPS (Model 5.4 Grimm Technology, Douglasville, GA) 

was used to verify particle size and number concentration in the sampling chamber.  

The fully assembled NRD sampler (25-mm aluminum cyclone with impaction 

stage and diffusion stage containing 8 nylon mesh screens) and a 37-mm open-face filter 

cassette containing two Durapore membrane filters with a support pad (P/N DVPP04700, 
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Millipore, Billerica, MA) were placed inside the sampling chamber. Two separate 

vacuum pumps (Omni-5, BGI, Waltham, MA) were used to draw an airflow of 2.5 Lpm 

through each sampler. The vacuum pumps were calibrated with a mass flow meter 

(Model 4146, TSI Inc., Shoreview, MN) prior to each test. Particles were collected for a 

period of time ranging between 75 min for the 500 nm particles and 12 hrs for the 20 nm 

particles to ensure collection of a sufficient quantity of fluorescent material to detect 

particles on the collection substrate of the diffusion stage.  

The amount of fluorescent material deposited on the screens of the diffusion stage 

and on the filter of the open-face cassette was determined following the protocol outlined 

by Tolocka et al. (2001). Both substrates were immersed in 4 ml of 0.01 N NH4OH and 

sonicated (Solid State/Ultrasonic FS-14, Fisher Scientific Inc., Pittsburgh, PA) for 10 

min. The mass concentration of fluorometric material in the recovered solution was 

determined using a fluorometer (Modulus 9200, Turner BioSystems, Sunnyvale, CA). 

The deposition efficiency (DD) of particles on the diffusion stage was calculated as 

DD=MD/MF, where MD is the mass concentration of fluorometric material deposited on 

the diffusion substrate and MF is that deposited on the filter of the open-face cassette. 

These deposition and recovery procedures were repeated three times for each particle 

size, and new nylon mesh screens and filters were used for each repetition. Mean 

deposition efficiency of these repetitions was compared to the NPM curve and assessed 

for fit.  

Results and Discussion 

Evaluation of the Impactor Performance 

The results of the collection efficiency tests performed with the pilot designs of 

the impactor are reported in Appendix A.  
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The collection efficiency curve of the impaction stage is shown in Figure 4-6, and 

the physical characteristics and parameters of the stage are reported in Table 4-1. The 

minimum collection efficiency (8% ± 3%) was observed for particles with a diameter 

near 100 nm. For particles progressively smaller than this minimum value, collection 

efficiency gradually increased to 26% (± 7%) for 15 nm particles. This increase in 

efficiency is attributed to diffusion losses that may occur throughout the impactor stage. 

A similar increase in efficiency due to diffusion was observed in the smallest stages of a 

recently developed, high flow rate (40 Lpm), portable nanosampler consisting of four 

impaction stages and an impaction filter (Furuuchi et al., 2010). For particles larger than 

100 nm, the collection efficiency of the NRD sampler impaction stage rapidly increased 

to 96% (± 6%) for 550 nm particles. Particles in this size range carry sufficient inertia to 

impact upon the greased impaction plate where they were trapped. 

The characteristic cut-off diameter (d50) of the impactor stage was measured to be 

295 nm, and the geometric standard deviation (σ) or collection efficiency sharpness was 

1.53. This curve is sufficiently sharp to remove particles larger than the target cutoff 

diameter (300 nm) from the airstream. The square root of Stokes number at the 50% 

collection efficiency was 0.32 and the pressure drop (ΔP) across the stage was 2.49 kPa. 

The Reynolds number of the impactor nozzles was 2,212, within the desired range of 500 

< Re < 3000, where the efficiency curve is at its sharpest (Marple et al., 2001).  

Impactors have been developed that offer cut-off diameters similar to that of the 

NRD impaction stage (Hering et al., 1978; Hering and Marple, 1986; Hillamo and 

Kauppinene, 1991; Marple et al., 1991). For example, low pressure impactors operate at 

pressures substantially lower than atmospheric to reduce drag forces and allow collection 

of particles as small as 50 nm (Hering et al., 1979). Micro orifice impactors employ up to 

a few thousand small (40-200 µm) round nozzles to achieve smaller cutoff diameters. 

These impactors achieve sharper collection efficiency curves (σ = 1.2) than the impaction 

stage of the NRD sampler, however, they require rather large pumps to achieve high flow 
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rates and low pressures, making them less portable (Marple et al., 2001). In contrast, 

commercially available belt-mounted pumps are capable of handling the pressure drop 

imparted by the impaction stage of the NRD sampler.  

Misra et al., (2002) developed a personal cascade impactor sampler that consists 

of four impaction stages and operates at a flow rate of 9 Lpm with a pressure drop of 2.7 

kPa (11 in. of H2O), a pressure drop compatible with a somewhat larger than normal belt-

mounted vacuum pump. Similarly to the NRD impaction stage, the final stage of the 

personal cascade impactor achieves a cutoff diameter of 250 nm with collection 

efficiency sharpness ranging between 1.28 and 1.53 depending on the collection substrate 

employed in the stage (Misra et al., 2002). 

Evaluation of Impactor Performance after Loading 

The results of the loading tests performed on the impaction stage are summarized 

in Table 4-2. When compared to tests with no prior loading, the effect of particle loading 

on collection efficiency was negligible, as the mean ± one standard deviation overlap for 

all values in Table 4-2. The results of the two-way ANOVA confirmed that there is not a 

significant difference in efficiency between loadings (p-value = 0.257). The p-value for 

the interaction term between particle size and loading was close to significant (p-value = 

0.063) at a 5% alpha level, indicating that with different loadings the efficiency varies at 

different particle sizes. The greatest reduction of the impactor’s collection efficiency was 

observed at 15 nm, the smallest particle size tested, where efficiency after loading 

experienced the greatest decrease from E = 0.26 without prior loading to E = 0.11 after 

13.6 mg/m3×hr loading. This reduction is attributed primarily to greater uncertainty in 

this size channel because of lower particle counts. One-way ANOVA was performed on 

efficiency at the three loading levels for the 15 nm particles showing no significant 

difference (p-value = 0.102).  
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Loading of particles on the impactor plate yielded minimal effects (4% to 6% 

difference) at the largest particle diameters (>300 nm), where particle bounce had greater 

potential to affect the performance of the subsequent diffusion stage in the NRD sampler. 

Bounce of particles larger than 300 nm from the impaction plate would cause particles 

with substantially greater mass than nanoparticles to pass through the impactor and 

collect on the diffusion screens. This phenomenon would results in a positive sampling 

bias. The cut-off diameter of the impactor was not substantially shifted after loading (d50 

= 265 nm for 13.6 mg/m3×hr loading and 275 nm for 21.5 mg/m3×hr loading). The test 

dust used in the loading tests contained considerable mass (10 µm volume median 

diameter) above the d50 of the cyclone of 4 µm, which passed through the cyclone and 

contributed to the loading of the impaction plate. This indicates that the impaction 

substrate can handle worst-case particle loadings without experiencing substantial shifts 

in the way that the impactor performs. 

Lee et al. (2005) evaluated the performance of a greased metal plate in a single-

stage, single-orifice impactor by loading up to 17 mg/m3×hr polydisperse glass beads. 

They observed that at this loading there was minimum particle bounce and re-

entrainment. The collection efficiency for particles larger than d50 remained high (95%) 

and constant, however, the collection efficiency curve was shifted and the d50 decreased 

from 5.26 to 4.36 µm. The discrepancy in the results of Lee et al. (2005) and the ones of 

the present study may be due to several factors. The acceleration nozzle of the single-

stage impactor was rectangular (W = 0.15 cm and L = 5.59 cm), with a substantially 

larger cutpoint (5.26 µm) than the impactor developed for the NRD sampler. 

Additionally, the loading tests of Lee et al. were performed with glass spheres with size 

ranging between 3 and 10 µm, very different from the irregular surfaces of the dust 

particles used in this study’s loading tests. Particles with uneven surfaces may experience 

increased adhesion to the greased impaction surface, making them less prone than 

spheres to the formation of a cone in the center of the impaction plate. The formation of a 
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cone of deposited particles on the impaction surface has been found to shift the efficiency 

curve to smaller diameter particles (Vanderpool et al., 2001; Peters et al., 2009b). Visual 

inspection confirmed the absence of these cones after the loading tests performed on the 

impaction plate of the NRD sampler.  

Effective Deposition to the Screens of the NRD Sampler 

The direct measurement of effective deposition of particles to the eight screens of 

the NRD sampler is shown in Figure 4-7 (open symbols). Deposition was lowest (6% ± 

2%) for 500 nm particles, where the impactor efficiency was at its maximum, and 

gradually increased with decreasing particle size. This figure shows that the deposition to 

the screens was in agreement with the NPM sampling criterion (solid line), within 

uncertainty, for all points with the exception of the 200 and 500 nm particles where it 

matched within < 4%. This means that particles deposited on the screens can be analyzed 

to determine the concentration of nanoparticles that would deposit in the respiratory 

system. 

Few examples of samplers with efficiencies matching respiratory deposition can 

be found in the literature. Of note is the size-selective inlet designed to mimic a modified 

ICRP lung deposition fraction for particles smaller than 1 µm developed by Kuo et al. 

(2005). The inlet was designed to remove large (> 1µm) and small (< 0.02 µm) particles 

and produce a resulting aerosol that simulates only the fraction reaching the ciliated 

regions of the lungs. No collection substrate following the inlet was developed, and 

rationale for the target curve that they used was not provided. Koehler et al. (2009) used 

polyurethane foam (PUF) as a selector and collector for particles to mimic total aerosol 

deposition in the respiratory tract. This PUF sampler follows the ICRP total respiratory 

deposition model. The PUF sampler provides a more physiologically relevant estimate of 

aerosol hazard than samplers that estimate aerosol aspiration fractions (Koehler et al., 

2009), however, it is not specific to nanoparticles. 
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The NRD sampler presents an advantage over samplers traditionally used to 

collect particles in workplaces. Inhalable, thoracic and respirable particulate matter 

samples are designed to collect particulate matter that penetrates to a specific region of 

the respiratory tract (Soderholm and McCawley, 1990). These samplers overestimate the 

dose of particulate matter deposited in the respiratory tract because not all particles 

deposit (Koehler et al., 2009). In contrast, particles collected to the deposition stage of the 

NRD sampler represent the fraction of particulate matter smaller than 300 nm that 

deposits in the respiratory system. This deposited fraction provides a more reliable dose 

estimate and may better reflect adverse health effects related to aerosol inhalation (Esmen 

et al., 2002). This is particularly true for particles smaller than 300 nm as their deposition 

can occur anywhere in the respiratory tract (ICRP, 1994).  

The NRD sampler can be modified in the future to follow a different deposition 

curve, should a different international standard ultimately be adopted. The impaction 

stage can be modified (using impaction theory) to adjust for the size fraction penetrating 

into the diffusion stage, and the number and mesh size of the screens in the diffusion 

stage can be modified (using filtration theory) to match a different deposition curve. 

Unlike respirable and inhalable particles, there is currently no available consensus on a 

sampling criterion for nanoparticles. In the absence of a consensus, the NPM criterion 

was developed as target efficiency for the NRD sampler, following the best available 

deposition curve for nanoparticles in the respiratory tract and agreeing with experimental 

lung deposition studies.  

Conclusions 

A nano-particulate matter (NPM) sampling criterion was developed as a target 

curve for a lightweight, personal nanoparticle respiratory deposition (NRD) sampler. The 

mathematical form of the NPM criterion is analogous to other size-selective occupational 

sampling criteria. However, this criterion specifies that sampler performance matches the 
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deposition of particles throughout the respiratory tract, unlike other criteria that are based 

on penetration of particles into specific respiratory regions (e.g., respirable and thoracic). 

It provides a rationale target for the development of samplers specific for assessing 

nanoparticle exposures.  

The NRD sampler combines a commercially available respirable cyclone with a 

custom impactor and a diffusion stage, where nanoparticles deposit for traditional post-

sampling analyses. The impactor demonstrated the desired cut-off diameter of 300 nm 

and was able to maintain desirable performance despite worst-case, heavy particle 

loading. The effective deposition efficiency to the screens of the NRD sampler was found 

in good agreement with the proposed NPM criterion. The NRD sampler is lightweight, 

portable and compatible with current occupational hygiene sampling techniques. It can 

easily be deployed in occupational settings as a personal sampler, and its use can be 

easily integrated into exposure assessment strategies and incorporated into 

epidemiological and toxicological studies where pure nanoparticle or mixed 

nanoparticle/respirable/inhalable aerosols exist.  

The NRD sampler has some limitations that constrain its intended use to the 

estimation of personal exposure to airborne metal and metal-oxide nanoparticles. 

Sections of the nylon mesh screens can be analyzed with scanning electron microscopes 

for sizing, counting and assessing chemical composition of the particles collected on the 

nylon fibers, however, a comprehensive analysis of the particulate collected with the 

NRD sampler requires digestion of the nylon media and recovery of the particles. This 

digestion process limits the composition of the particles that can be recovered to metal 

and metal-oxide particles. Existing NIOSH methods (e.g., NMAM 7303) used to 

determine metallic content of respirable samples could be applied to the recovery of 

metallic particles from the nylon mesh screens followed by analysis using inductively 

coupled plasma mass-spectrometry. Based on this limitation, a practical application of the 
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NRD sampler may be the determination of the nanoparticulate component of personal 

exposures to welding fumes. 

The collection efficiency of the NRD sampler is most accurate with spherical 

particles. The NRD sampler was tested with spherical particles and its behavior in the 

presence of fibrous particles such as carbon nanotubes is unknown. Fibrous particles may 

remain trapped in the impaction stage and depending on their orientation in the airstream 

their deposition on the diffusion stage of the NRD sampler may not reflect the NPM 

criterion for deposition in the respiratory tract.  

Future work will include field tests of the NRD sampler and the development of 

analysis techniques to distinguish nanoparticles apart from background aerosols. These 

tests will be designed to provide information on the limit of detection of the analytical 

techniques to determine the duration of the sample collection. If sample collections 

longer than typical work-shifts are required, it will be necessary to determine how often 

the impaction plate requires cleaning and application of grease. Other practical aspects 

may also require investigation, such as the effects of tipping the sampler with the 

resulting drop of the particles collected in the cyclone’s grid pot into the impactor. 
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Table 4-1: Physical characteristics, flow parameters and experimental results of the 
impaction stage. 

Physical Characteristics 
 

Flow Parameters  Experimental Results 

W 
 [cm] 

L 
 [cm] 

S/W  Re 
V 

 [cm/sec] 
 

d50 
 [µm] 

√Stk50 Σ 
ΔP 

 [kPa] 

0.053 0.135 1.9  2212 6295  0.295 0.32 1.53 2.49 

Note: W, nozzle width; L, nozzle lengths; S, impaction plate-to-nozzle distance; Re, 
Reynolds number; V, nozzle air velocity; d50, 50% cutpoint; √Stk50, square root of Stokes 
number at 50% collection efficiency; σ, collection efficiency curve sharpness; ΔP, 
pressure drop; Stokes number at the 50% cut-off diameter is calculated as: 

! 

Stk50 =
4 "p Q dp

2 Cc
9# n µW 3 , where dp is the particle diameter, and Cc is Cunningham slip 

correction factor. 
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Table 4-2: Effects of loading on collection efficiency of the impaction stage. 

Prior Impactor Loading [mg/m3×hr] 

0 13.6 21.5 
Particle 

Diameter  
[nm] Collection Efficiency (StDev) 

15 0.26 (0.08) 0.11 (0.08) 0.15 (0.06) 

50 0.12 (0.02) 0.08 (0.04) 0.07 (0.02) 

80 0.07 (0.01) 0.07 (0.04) 0.04 (0.01) 

100 0.08 (0.03) 0.09 (0.02) 0.06 (0.02) 

300 0.54 (0.02) 0.57 (0.01) 0.57 (0.08) 

500 0.90 (0.03) 0.89 (0.01) 0.86 (0.07) 

800 0.98 (0.02) 0.97 (0.01) 0.92 (0.08) 

1000 0.99 (0.01) 0.97 (0.01) 0.93 (0.07) 
 



 

 

83 

83 

 

Figure 4-1: Total deposition fraction vs. particle diameter. 

Note: — is the NPM criterion; ·∙·∙·∙·∙ is deposition in all regions of the respiratory tract as 
defined by the ICRP. All other symbols are deposition fraction in the normal lung at 
FRC=3000 ml for controlled breathing patterns. Open symbols are data from Heyder et 
al. (1986): p is Vt=500 ml, Q=250 ml/s; Δ is Vt=1000 ml, Q=250 ml/s; ¢ is Vt=1000 
ml, Q=500 ml/s. Closed symbols are data of Kim and Hu (1998) and Kim and Jaques 
(2000): n  is Vt=500 ml, Q=250 ml/s; ▲ is Vt=1000 ml, Q=250 ml/s; l  is Vt=1000 ml, 
Q=500 ml/s. Vt=tidal breathing volume and Q=air flow rate. 
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Figure 4-2: The components and schematic drawing with airflow paths of the NRD 
sampler. 
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Figure 4-4: Experimental setup for the impactor loading tests. 

 

 

 

 

Figure 4-5: Experimental setup for the diffusion stage deposition tests. 
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Figure 4-6: Collection efficiency by size of the impaction stage. 
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Figure 4-7: NPM sampling criterion, ICRP total respiratory deposition and effective 
deposition on the diffusion stage of the NRD sampler.  

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1	
   10	
   100	
   1,000	
   10,000	
  

D
ep

os
iti

on
 F

ra
ct

io
n 

Particle Diameter, nm 

NRD Sampler  

ICRP Total  

NPM Criterion 



  89 

 

89 

CHAPTER V 

CONCLUSIONS 

The work presented in this doctoral dissertation accomplishes two goals: 1) it 

provides knowledge on workers’ exposure to nanoparticles that was gained by 

conducting a field study (Chapter II); and 2) it assists in the development of standard 

methods to assess the presence of nanoparticles in workplace environments through two 

laboratory studies (Chapters III and IV).  

The field study was conducted in a facility that manufactures CNT-composite 

nanomaterials. A review of the literature revealed very little knowledge of workers’ 

exposure to particulate matter occurring during manufacturing and mechanical processing 

of CNT-composite nanomaterials. Additionally, characterization of particles generated 

during mechanical processing of these composite nanomaterials is not available in the 

literature. The findings of the first study, presented in Chapter II of this dissertation, show 

that transferring by scooping bulk CNTs between containers during a simulated weighing 

process does not generate appreciable aerosol concentrations above background 

measurements. Manual sanding of epoxy containing CNTs generates micron-sized 

particles with CNTs protruding from the particle core, not nanoparticles. No CNTs were 

observed free from composite material, indicating consistency with observations made by 

others on asbestos fibers. Thus, CNT fibers encapsulated or bonded with other materials 

may have limited potential for airborne release. This study also showed that enclosures 

have a significant effect on particle release and that biological safety cabinets are an 

effective enclosure for minimizing workers’ exposure during CNT-composite sanding. 

Performing the sanding task inside a custom fume hood was found to release more 

particles in the operator’s breathing zone than when no ventilation controls were in place. 

The poor performance of the custom fume hood observed in this study may have been 

caused by the formation of turbulent currents in front of the operator, which have been 



  90 

 

90 

found to pull contaminants out of the hood and in the worker’s breathing zone, and may 

also have been exacerbated by the poor hood design. Thus, proper enclosure design and 

selection play an important role in workers’ exposure to CNT-composite particulate 

matter during manual sanding. From this fieldwork we recognized that direct-read 

instruments have several limitations that could be overcome with the development of a 

personal sampler for nanoparticles. These limitations include particle losses in the 

sampling probes placed in the operator’s breathing zone to carry the aerosol to the 

instruments and the limited portability of the instruments to follow worker’s movements. 

Chapter IV of this dissertation described the development of a sampling criterion 

for nano-particualte matter (NPM) and the subsequent development and laboratory 

testing of a nanoparticle respiratory deposition (NRD) sampler. Current filter-based 

samplers are inadequate for collecting nanoparticles separately from larger particles, and 

personal dose-samplers that selectively collect nanoparticles and mimic nanoparticle 

deposition in the respiratory system are unavailable. The absence of a collection criterion 

for nanoparticles is a limiting factor in selecting a standard to which a nanoparticle 

sampler should conform. Experimental data on lung deposition has provided useful 

insights on nanoparticle deposition in the respiratory system, found to be in agreement 

with the ICRP total lung deposition model. The ICRP model was thus selected as the 

foundation for the development of the NPM sampling criterion. The curve was fit to 

match total deposition of particles smaller than 300 nm selecting the same mathematical 

form as that used for the thoracic and respirable sampling criteria. This new criterion, 

however, ties sampler performance to the total deposition of nanoparticles in the 

respiratory tract and was set as the target for the development of the NRD sampler.  

The NRD sampler consists of a respirable cyclone fitted with a custom impactor 

with a d50 = 300 nm and a diffusion stage containing eight nylon mesh screens. The 

sampler fits on a worker’s lapel and is designed to sample for the duration of an entire 

work-shift. Theoretical collection efficiency of the nylon mesh screens used in the 
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diffusion stage was tested and modified in the study reported in Chapter III. Additionally, 

in this study the morphology of silver particles smaller than 100 nm was found to have 

minimal effect on the collection efficiency of nylon mesh screens. The deposition 

efficiency of the diffusion stage of the NRD sampler mimics deposition of nanoparticles 

in the respiratory tract by following the NPM criterion. The NRD sampler can be easily 

modified to match future revisions of this collection criterion. This personal sampler can 

provide valuable information on personal exposure to nanoparticles and contribute to the 

development of toxicological and epidemiological studies and of standards for exposure 

to nanoparticles. 

Future work 

The work presented in Chapter II on exposure to CNT-composite particles was a 

field study in an industrial facility with limited ability to control experimental variables 

and, therefore, had some design limitations that can be addressed in future studies. 

Controlled laboratory simulations of the mechanical processing of CNT-composite 

nanomaterials can provide adequate repetition of the processes. These repetitions would 

provide statistical parameters representative of what is expected when a task is repeated 

several times. The controlled simulations should also determine how process details (e.g., 

amount of pressure placed on the samples, sanding speed) affect the generation of 

particulate matter. Furthermore, they should establish how the amount of material 

dispersed from the sandpaper or other tools used during the mechanical process 

contribute to aerosol measurements. Exposure should also be measured and characterized 

during other mechanical processes such as drilling or cutting of the CNT-composite 

nanomaterial. Additionally, these exposure measurements in the field and in laboratory 

simulations should be extended to the various steps of the manufacturing of products that 

contain engineered nanoparticles other than CNTs. Future exposure measurements in a 

controlled laboratory setting should also consider measurements of the frequency of air 
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exchanges in the room and attempt to characterize and control airflow patterns in the 

room and around the workers.  

Extension of the laboratory tests performed on the nylon mesh screens (Chapter 

III), and on the NRD sampler (Chapter IV), should involve the development of 

techniques for the recovery and analysis of the particles collected onto the nylon screens 

used in the diffusion stage. Laboratory tests should be conducted to optimize an analysis 

method to detect nanoparticles. These tests may begin with assessing detection of TiO2 

nanoparticles by inductively couple plasma mass spectrometry. The limits of detection 

and quantification of the method should be established and the method should then be 

expanded and tested for precision for analysis of other nanoparticles of commercial 

interest (e.g., Ag, CuO, ZnO). Alternative collection media for the diffusion stage may 

also be tested in an attempt to lower the number of layers of media necessary to achieve 

the target collection efficiency. Excessive amount of collection substrate media interferes 

with the analysis and lowers the limit of detection.  

The NRD sampler is to be employed next in field studies. The sampler should be 

deployed in large quantities and used to evaluate the extent to which workers are exposed 

to nanoparticles. The NRD sampler with its sampling and analysis methods should be 

used in epidemiological studies that investigate the relationship of nanoparticle exposures 

to adverse health effects in both occupational and environmental settings. 
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APPENDIX A: 

PILOT DESIGNS OF THE IMPACTION STAGE 

The initial design of the impaction stage consisted of three circular jets with width 

W=0.45 mm and circular polyurethane foam (PUF) impaction substrate. This substrate 

was originally selected because it had been found to minimize particle bounce avoiding 

the use of adhesives (Kavouras and Koutrakis, 2001; Demokritou et al., 2002, 2004a and 

b; Lee et al., 2005). The d50 of this first design of the impactor stage corresponded to the 

impactor’s design specifications and was experimentally measured at 300 nm. Our tests 

(Figure A-1), however, indicated poor collection efficiency of the PUF substrate above 

the d50 cut-off. 

  
 

 

Figure A-1: Collection efficiency by size of the first impaction stage prototype. 
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A second design of the impaction stage consisted of equivalent jet width (W=0.45 

mm) but an impaction plate made of solid aluminum. This design resulted in better 

performance (Figure A-2) but smaller cut-off (d50 = 220 nm) than desired, and led to the 

modification of the jet width in the third and final design described in Chapter IV. The 

pressure drop of these first prototypes of the impactor stage was substantially higher (5 

kPa, 20 in. H2O) than the final design (2.49 kPa, 10 in. H2O). 

 
 

 

Figure A-2: Collection efficiency by size of the second impaction stage prototype. 
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