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Abstract 

Improving Sensitivity and Specificity When Measuring Environmental Exposure to Engineered 

Nanoparticle Releases with the use of Low-Background Techniques 

By 

Heather Laine Papinchak 

Doctor of Philosophy in Environmental Health Sciences 

University of California, Berkeley 

Professor Allan Smith, Chair 

 
 
 
As applications of nanotechnology expand, there is an increasing need to develop inexpensive, 
sensitive, and specific procedures to measure occupational exposures to engineered nanoparticles 
(ENPs). The use of hand-held direct reading instruments to screen for airborne ENPs is attractive 
due to the relatively low cost of such commercially available instruments and the immediate 
feedback provided.  However, because ambient air typically contains thousands of non-
engineered nanoparticles per cubic centimeter (pt/cm3), this background particle concentration 
must be accounted for in quantifying ENPs. Incidental nanoscale particles are present in many 
workplaces due to sources including internal combustion engines, grinding and welding, electric 
motors, office equipment, printers, and infiltration of contaminated outside air.  Because ENP 
toxicity has not been investigated comprehensively, and because some studies suggest that 
certain ENPs may be highly toxic, the risk management philosophy of many organizations is that 
exposure to ENPs above background nanoparticle levels is not acceptable. Industrial hygienists 
have generally approached ENP sampling with the notion that if ENPs cannot be detected above 
background levels in the sampling environment, exposure to ENPs is not occurring. If there is a 
low signal-to-noise ratio, however, this approach underestimates ENP exposure intensity, and 
large fluctuations in background concentrations could make it difficult to measure actual releases 
of ENPs.  Therefore, it is important to accurately discern between background non-engineered 
nanoparticle and ENP concentrations. The few ENP exposure studies that have been published 
tend to inadequately account for background nanoparticles.  
 
Tools and techniques were developed to improve the sensitivity and specificity of ENP exposure 
measurements in research laboratories based on direct reading instruments and filter-based 
sampling.  These research facilities were located at the Lawrence Berkeley National Laboratory 
(LBNL). A portable fume-hood antechamber enclosure and a portable, bottomless glovebox 
enclosure were constructed.  These enclosures are supplied with air passed through a high 
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efficiency particulate air (HEPA) filter air, and ENP-handling tasks are performed within the 
enclosures.  HEPA filtration greatly reduces the nanoparticle concentration in the supply air and 
thereby increases the ENP signal-to-noise ratio.  Based on measurements made with a 
commercially available CPC, a 100- to 300-fold increase in sensitivity was achieved with the 
clean air enclosures.  Combined with high-resolution microscopy analysis of particles collected 
on filter samples of air, employee exposures to ENPs that were previously not detectable using 
traditional sampling techniques were quantified.   
 
Three different monitoring studies are described in this dissertation. The first study characterized 
airborne metal-oxide LiNi0.45Mn0.45Co0.1-yAlyO2  ENP emissions associated with a nanomaterial 
synthesis comprised of three steps – heating a precursor solution, combustion, and harvesting – 
all conducted within a laboratory fume hood.  With the use of the cleanroom enclosure, 
background particle concentration levels of 0-2 pt/cm3 were achieved.  A CPC was located in the 
cleanroom enclosure at waist-level or near the personal breathing zone (PBZ) of the LBNL 
researcher, and a second CPC was located inside the laboratory fume hood.  The maximum of 
465,129 pt/cm3 (measured inside the fume hood) was the highest particle concentration recorded 
in this research.  For all the combustion events, I observed plumes of black particles which 
corresponded in time with the highest particle measurements.  To my knowledge, there are no 
published studies that have shown such high particle number concentrations from ENP synthesis.  
At the conclusion of the synthesis, ENM was found on fume hood surfaces and equipment, and 
on the CPC instrument located in the fume hood. ANOVA demonstrated that the mean particle 
number concentrations were not equal across the three steps (p <0.05). The mean particle number 
concentrations were greater during the combustion (115,602 pt/cm3) than during other steps: 
heating precursor solution (55,023 pt/cm3), and harvesting (36,708 pt/cm3).  Filter analysis 
confirmed that ENPs became airborne. All filters located inside the fume hood were heavily 
loaded with agglomerated source material. The primary particles were rounded, often spherical 
and averaged 5-10 nm in diameter.  The EDS spectrum of the nanomaterial indicates that the 
particles were composed of Ni and Mn.  
 
The second study evaluated the release of airborne ENPs during ultrasonication of ENP 
suspensions contained in sealed vials immersed in a water bath.  The water bath was located 
within a clean air glovebox enclosure.  There were four experiments – two involved a graphene 
ENP suspension in isopropanol, one involved an AlZnO ENP suspension in hexane, and the 
fourth was a control that involved ultrasonication of the bath water with no vial of ENP 
suspension present.  CPC measurements and filter samples were collected inside the glovebox.  
Unfortunately, the results were internally inconsistent, for unknown reasons.  During the two 
graphene ENP trials, the air sample filters were overloaded with carbon particles for which the 
structure could not be determined by the microscopy laboratory. However, the mean CPC 
particle measurement during one trial was 4,820 pt/cm3 and only 36 pt/cm3 during the other trial.  
In addition, the screwcap of the graphene ENP suspension vial was found to be loose at the end 
of the trial for which the mean concentration was 36 pt/cm3, but remained tight at the end of the 
trial for which the mean concentration was 4,820 pt/cm3.  Given the unknown filter particle 
structure and the inconsistency in the particle concentrations, the source of the particles on the 
filters cannot be determined conclusively.  Next, except for the graphene ENP suspension trial, 
in which a mean particle concentration of 4,820 pt/cm3 was measured, the average particle 
concentration was highest for the control trial (mean = 84 pt/cm3), which did not involve an ENP 
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suspension.  Aerosolization of bath water may have caused the concentration increase above 
background during the control trial, but logically the same magnitude of increase due to bath 
water aerosolization should have been observed during the other two trials.  Future studies need 
to investigate water aerosolization and NSP emission from ENP production equipment (for 
example, the ultrasonicator) in contributing to background NSP levels.  
  
The third study investigated the aerosolization potential while handling MWCNTs and CNFs 
with the use of the glovebox.  CPC measurements and filter samples were collected inside the 
glovebox.   Background laboratory particle number concentrations as high as 1,671 pt/cm3 were 
reduced to 0-2 pt/cm3 inside the glovebox.  The CPC was positioned alternatively one inch and 
six inches from the emission source.  As expected, higher particle concentrations were found 
when the CPC was located closer to the source.  Particle concentrations were higher than 
background during the introduction of the nanomaterial into the glovebox and when handling the 
nanomaterial. CNFs demonstrated greater particle release as compared to MWCNTs. The CNFs 
reached a maximum of 70 pt/cm3, whereas the maximum particle number concentration for the 
MWCNTs was 8 pt/cm3. The results from this study can serve as a comparative indicator of 
emissions for different ENPs.   
 
In summary, this dissertation work has permitted measuring airborne ENP concentrations with 
increased sensitivity and specificity.  In turn, this improvement has permitted more reliably 
establishing ENP exposure controls in LBNL research-and-development settings.  These same 
tools and techniques may prove feasible in assessing engineering control efficacy in small-scale 
commercial manufacturing and/or handling of ENP materials.  In addition, they may permit more 
accurate assessments of airborne ENP exposure which would benefit future epidemiological 
studies of worker cohorts handling nanomaterials. 
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Chapter 1: Introduction 
 
 
1.0 Nano Defined 
 A "nanosized particle" (NSP) includes all engineered, natural, and incidental particles < 
100 nm in diameter in at least one dimension. NSPs are variably called ultrafine particles (UFPs) 
by toxicologists [U.S. Environmental Protection Agency (EPA) 2004], Aitken mode and 
nucleation mode particles by atmospheric scientists [Kulmala 2004; National Research Council 
(NRC) 1983], and engineered nanostructured materials by materials scientists [NNI, 
2004]."Engineered nanoparticle" (ENP) or "Engineered nanomaterial (ENM)" refers to a NSP 
specifically engineered in a laboratory. Also, in the classification of an engineered nanostructed 
material, particles may be labeled according to their shape such as carbon nanotube, nanowires, 
nanorings, and so on. "Ultrafine particle" (UFP) is another term used for NSP, although UFP 
generally refers to a NSP that is incidentally or naturally occurring, and not produced in a 
controlled, engineered way [Oberdörster et al., 2005a].  In comparison to engineered NSPs, 
incidental NSPs are generally more irregular in shape, have more complex chemical 
composition, and a have polydisperse size distribution [Oberdörster et al., 2005a, Kreyling et al., 
2006].  
 
1.1 Nanotechnology  
 Nanotechnology is defined as: research and technology development at the atomic, 
molecular, or macromolecular levels using a length scale of approximately one to one hundred 
nanometers in any dimension; the creation and use of structures, devices and systems that have 
novel properties and functions because of their small size; and the ability to control or 
manipulate matter on an atomic scale [EPA, 2004]. Nanotechnology is the manipulation of 
matter for use in particular applications through certain chemical and / or physical processes to 
create materials with specific properties. There are both "bottom-up" processes (such as self-
assembly) that create nanosized materials from atoms and molecules, as well as "top-down" 
processes (such as milling) that create nanosized materials from their macro-scale counterparts 
[EPA, 2004]. 
 Nanotechnology is currently one of the fastest growing technical fields.  ENPs are used in 
numerous materials science applications and are found in thousands of consumer products. The 
production of ENPs will continue to grow as these substances are shown to have societal value in 
fields as diverse as energy, medicine and aerospace. In the US alone, hundreds of companies are 
manufacturing products that incorporate ENPs [Thomas et al., 2006]. Examples of markets 
include food packaging materials and food supplements, textiles, electronics and household 
appliances, cosmetics, medical devices, and water disinfectants. ENPs provide useful physical 
and chemical properties, but there is inadequate understanding of the health effects due to 
occupational or environmental exposure.  To understand these health risks, reliable methods are 
needed to quantify ENP exposure levels.  
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1.2 Significance of this Dissertation Research 
 Because nanoparticle toxicity has not been investigated comprehensively, and because 
some studies suggest that certain nanoparticles may be highly toxic, the risk management 
philosophy of many organizations is that exposure to ENPs above background levels is not 
acceptable.  Industrial hygienists have generally approached ENP sampling with the notion that 
if nanoparticles cannot be detected in the sampling environment above background levels, 
exposure to ENPs is not occurring. Selectivity is the main challenge when characterizing ENP 
exposure using real-time instruments such as condensation particle counters (CPCs), which 
measure particles in the nanoscale range.  Such instruments cannot distinguish between ENPs 
and non-engineered NSPs.  Background non-engineered NSPs are present in air in many 
workplaces at several thousand particles per cubic centimeter (pt/cm3). Non-engineered NSPs are 
present due to sources such as internal combustion engines, grinding, metal fumes, heated 
surfaces, electric motors, office equipment, printers, and infiltration of contaminated outside air 
[Oberdörster et al., 2005a]. Due to the relatively high background level of airborne non-
engineered NSPs, one may not be able to discern or quantify a relatively low airborne 
concentration of ENPs due to the low signal-to-noise ratio. Therefore, it is important to develop 
methods with adequate sensitivity and specificity to measure airborne ENP concentrations.  
 As stated above, airborne particle-counting instruments cannot differentiate between 
background non-engineered NSPs and ENPs released from a manufacturing process. To 
overcome this challenge, CPCs are used to identify sources of nanomaterial emissions in real-
time, while filter-based samples are used to verify the size, shape, and chemical composition of 
the nanomaterial. In my research, the primary goals were to improve upon current methods of 
measuring exposure to ENPs and to characterize both particle release and occupational exposure 
in a research and development (R&D) setting.  I achieved increased sensitivity by using low-
background techniques.  One outcome was identifying a set of reliable sampling and analytical 
methods for assessing exposure for a diverse range of ENPs.  Another outcome was the ability to 
reliably establish exposure controls for ENPs in a R&D setting. If ENPs are released, additional 
exposure controls for worker and general environmental protection are needed (including the 
possible use of HEPA filtration of facility exhaust air to protect the environment). Therefore, this 
research informs the development of protective standards for individuals working with ENPs.  
 To my knowledge, all of the nanotoxicology data reported thus far have been generated 
in laboratory animal systems using high doses of NSPs that are not likely to be seen in 
occupational settings.  As in carcinogenicity testing, however, high doses are used to maximize 
the chance of seeing an effect. However, it would be preferable to understand the human 
biological response at the relatively low doses to which humans are subject.  Understanding that 
response will likely involve prospective epidemiological studies of the health effects of ENPs 
among occupational cohorts.  To quantify doses in such studies, it will be important to 
distinguish between exposure to background nanoparticles versus ENPs. This dissertation 
research will permit better estimates of occupational exposures by increasing the sensitivity and 
specificity of airborne ENP measurements.   
 For chemicals in general, health effects from indoor exposure are generally neglected in 
Life Cycle Assessment (LCA) [Hellweg et al., 2009]. This omission is an important 
shortcoming, because it may result in product or process optimizations at the expense of 
workers’ or consumers’ health [Hellweg et al., 2009]. To capture potential adverse human health 
effects, occupational exposure to ENPs should be considered within an LCA for nanomaterials. 
This research can help guide key public health organizations, including the Environmental 
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Protection Agency (EPA) and National Institute of Occupational Safety and Health (NIOSH), in 
making decisions concerning nanotechnology health standards. It is prudent that we address the 
environmental and human health concerns about nanotechnology before its widespread adoption. 
The unknown but potential adverse consequences of human ENP exposure require accurate 
exposure assessment.  
 
1.3 Specific Aims of this Dissertation Research  
 
(1) To test and develop new systems for eliminating background nanoparticle levels to enhance 
the signal-to-noise ratio in measuring ENPs. 
 
(2) To evaluate the physical and chemical nature of released ENPs captured by filters with 
respect to their size and morphology.  
 
(3) To measure and characterize occupational inhalation exposure to ENPs released from select 
operations.  
 
2.0 Industrial Hygiene Background 
 Workplace activities likely involve higher ENP exposure concentrations and more 
frequent exposure than experienced by the general public. Multiple work activities may be 
capable of releasing ENPs into the surroundings, including (Table 1): synthesis; packaging; 
transfer; manufacturing; disposal; recycling of products containing nanomaterials; maintenance; 
cleaning of process equipment and vessels; and vacuuming [Maynard et al., 2004]. Exposure is 
likely to occur during handling and bagging of the material and during formulation of the 
nanomaterials into products (e.g., coatings and composite materials) [EPA, 2007]. Exposures 
may also occur during the transfer/unloading of nanomaterial from shipping containers [Schulte 
et al., 2010], and during product machining (e.g., cutting, drilling and grinding), repair, 
destruction and recycling [Methner et al., 2009]. It is thought that the potential for particle 
release during production is low because most production processes take place in closed systems 
with appropriate filtering systems [Schulte et al., 2010]. However, it cannot be assumed that all 
organizations (especially start-up companies) employ rigorous engineering controls to prevent 
ENP exposure.  
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Table 1. Potential Sources of Occupational Exposure for Various Synthesis Methods (adapted 
from Aitken, 2004).  
  
2.1 Particle Counting Equipment  
 To understand the instrumentation used in various exposure monitoring studies, a brief 
overview of particle counting equipment is presented.  Table 2 summarizes the particle size 
ranges for each instrument. There are six categories of direct reading instruments that have been 
used in various combinations to characterize the presence of airborne nanoparticles in 
workplaces; condensation particle counter (CPC), optical particle counter (OPC), scanning 
mobility particle sizer (SMPS), wide range aerosol spectrometer (WRAS), diffusion charger 
(DC), and electrical low pressure impactor (ELPI).  
 The CPC is a hand-held instrument intended for measuring nanosized particles in a wide 
variety of applications. Its small size and ergonomic design make it the best choice for short-term 
outdoor and indoor air quality monitoring, nanoparticle work area surveys, and mobile aerosol 
research. The CPC unit measures particles in the size range of 10 nm to 1000 nm. The data 
output is expressed as total number of particles per cubic centimeter of air (pt/cm3) with an upper 
dynamic range limit of approximately 100,000 pt/cm3. In general, laminar-flow CPCs operate by 
drawing an aerosol sample continuously through a heated saturator, in which alcohol is 
vaporized and diffuses into the sample stream. Together, the aerosol sample and alcohol vapor 
pass into a cooled condenser, where the alcohol vapor becomes supersaturated and ready to 
condense. Particles present in the sample stream serve as condensation sites for the alcohol 
vapor. Once condensation begins, particles grow quickly into larger alcohol droplets and pass 
through an optical detector, where they are counted. The value of this instrument for evaluating 
nanomaterial emissions is its ability to detect particles in the 10 nm to 100 nm range (the current 
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definition of a nanomaterial), even though it will respond to the presence of larger particles. Two 
limitations are that the CPC cannot accurately quantify particles below 10 nm, and it does not 
provide size selective information in the 10 nm to 1000 nm range.  
 For the OPC, aerosol flows through a focused light or laser beam as a thin stream 
surrounded by sheath of air, so that only one particle at a time is illuminated and scatters light to 
the detector [Hinds, 1999]. An OPC rapidly provides information on aerosol size distributions 
because it simultaneously counts and sizes particles into size bins. The OPC measures the total 
number of particles per liter of air (pt/L) according to six cutpoints: 300 nm, 500 nm, 1000 nm, 
3000 nm, 5000 nm, and 10,000 nm.  
 A SMPS measures the number concentration, by size of particles between approximately 
2.5 nm to 1000 nm.  A SMPS is composed of a differential mobility analyzer and a CPC. As the 
submicron aerosol enters the differential mobility analyzer, the particle obtains a bipolar charge 
and is then sent through a column that contains a charged electrode. The charge on the electrode 
causes particles of only certain electrical mobilities to pass through the column and into the CPC, 
where it is counted. The charge of the electrode is cycled through a range of charges during the 
SMPS measurement to obtain the number concentrations for all the particle sizes covered by the 
instrument. Limitations of this instrument include: (1) depending on the model, a SMPS requires 
at least two minutes to conduct a measurement, which may be too slow to use to identify 
nanoparticle sources; and (2) the size of a SMPS is large enough to require that it be placed on a 
cart to be moved.   
 WRAS is a system that combines two particle counters to measure the particle size 
distribution over a wide range. Version # 1.109 features 31 size channels ranging from 250 nm to 
32,000 nm. Version # 1.108 features 15 size channels ranging from 300 nm to > 20,000 nm. This 
system provides single particle count and size classification in real time. The air sample with 
various size particles is drawn constantly through the flat light beam, produced by a focused laser 
diode. Each scattered signal from a single particle is detected by a 90 degree high-speed photo 
diode, so particle color changes can be neglected. Each signal is then counted and classified in 
15/31 different size channels by an integrated pulse height analyzer. These counts can be shown 
each second, six seconds or each minute on an attached computer.  
 A DC measures the surface area concentration of particles less than 1000 nm. Diffusion 
charging occurs when particles come in contact with unipolar ions and the charge is transferred to 
the particle. Diffusion causes the particles to come in contact with the ions. The particles are 
collected on an electrometer to measure the amount of charge on the particles (Hinds, 1999). The 
amount of charge a particle can hold is dependent on the particle’s active surface area, defined as 
the portion of the particle that interacts with the surrounding gas, as opposed to the physical 
surface area of the particle [Keller et al., 2001]. In the DC, an ion trap collects the ions that did 
not come in contact with a particle. Some DCs have the ion trap voltage set such that only 
particles representative of sizes that deposit in the lung are measured by the electrometer [Fissan 
et al., 2007]. Depending on the model, measurements can be logged every ten seconds. DCs vary 
in size with some small enough to be carried by a worker. A DC does not provide information 
with regard to the actual size of the particles being measured, so there is no way to distinguish 
the nanoparticles in their results.  
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 An ELPI uses diffusion charging and impaction to measure particle number concentration 
by 14 size channels for particles between 6 nm to 10,000 nm. Aerosols enter the ELPI where 
diffusion charging occurs and an ion trap is used to remove excess ions. Then, the charged 
particles enter a low pressure cascade impactor, where the charged particles collect on the 
respective stages, based on their aerodynamic diameter. Each stage has an electrometer that 
measures the amount of charged particles that collect on the stage [Baron & Willeke, 2001]. 
Depending on the model, measurements can be logged every five seconds. The size of an ELPI 
requires that it be placed on a cart to be moved. 
 

Name Particle size range # of size bins 
CPC 10 to 1000 nm NA 
OPC 300-10,000 nm 6 size bins  
SMPS 2.5 to 1000 nm 32 size bins 
DC 1000 nm NA 
ELPI 6 to 10,000 nm 14 size bins 
WRAS 1.109 250 to 32,000 nm 31 size bins 
WRAS 1.108 300 to > 20,000 nm 15 size bins 

Table 2. Summary of direct-reading equipment particle size range. 
 
2.2 Industrial Hygiene Literature Review 
 
2.2.1 Incidental NSP Emission Assessment in the Workplace 
 The importance of minimizing the interference of background NSPs when measuring 
ENP exposure is highlighted in several field studies. In a study of aerosol exposures while 
bagging carbon black, researchers found that peaks in number concentration measurements were 
associated with emissions from nearby forklift trucks and gas burners, rather than the process 
under investigation [Kuhlbusch et al, 2004]. During an NSP mapping study in an automotive 
facility, researchers found that direct gas-fired heating systems systematically produced high 
particle number concentrations throughout the facility when the heating system was in operation 
[Peters et al, 2006].  Heitbrink et al., [2007] in a follow-up study at the same facility, 
demonstrated that a high proportion of NSPs produced from these burners had little, if any, mass 
associated with their emissions. This finding caused NIOSH to not include gravimetric air 
sampling (NIOSH Method 500) in its Nanomaterial Exposure Assessment Technique (NEAT) 
[Methner et al, 2010]. Other background sources of NSPs were identified during a study that 
examined aerosol size distributions inside a grey iron foundry. Along with gas-fired heating 
units, additional incidental sources of NSPs included cigarette smoking and the exhaust from a 
propane fueled vehicle with the latter vehicle contributing a large fraction of the airborne NSPs  
[Evans et al, 2008].  
 
2.2.2 ENPs Emission and Inhalation Exposure Assessment in the Workplace 
 Johnson et al., [2009] investigated the potential for exposure to engineered carbon-based 
nanomaterials in an environmental laboratory. They used a hand-held particle counter (ART 
Instruments, Grants Pass, OR) to determine the airborne particle number concentration. The 
second instrument used was a hand-held CPC (Model 3007, TSI, Inc., Shoreview, MN), which 
measured the number of particles in the size range 10 nm to 1000 nm.  After subtracting the 
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background particle number concentration from the task measurements, it was evident that 
airborne particle number concentrations increased during tasks involving engineered 
nanomaterials.  Because this study collected only a single measurement for each of the tasks and 
materials, the published data do not adequately characterize an average exposure level, much less 
an exposure distribution. The authors indicated a need for additional studies that would focus on 
a robust statistically-based experimental design, specific engineered nanomaterials, and filter 
sample collection [Johnson et al., 2009].  The study did show that if the background airborne 
NSP concentration is stable or low, subtracting this background concentration is a simple way to 
determine the airborne ENP concentration. However, subtracting background NSP concentration 
is not reliable or selective for environments in which the background airborne NSP 
concentrations are high and/or subject to substantial variability.  
 Fujitani et al., [2008] conducted aerosol sampling in a fullerene factory to assess 
inhalation exposure.  A fullerene is a molecule composed entirely of carbon that can take the 
form of a hollow sphere, ellipsoid, or tube. The researchers measured the release of 
nanofullernes from various operations (e.g., bagging, vacuuming).  Particle size distributions and 
number concentrations were measured with a scanning mobility particle sizer (SMPS, model 
3034; TSI, Inc., Shoreview, Minn.; Particle diameter (Dp)=10–486.97 nm into 32 size bins; 50% 
cutoff diameter 800 nm) every 3 minutes, and with an OPC (KR-12A; Rion, Tokyo) that 
measured the number concentrations of particles larger than 300 nm in diameter for six size 
ranges every minute. Data from the SMPS were analyzed by using the Aerosol Instrument 
Manager software (version 6.0, TSI). Particle volume concentrations and volume-weighted 
distributions were calculated from the measured particle number concentrations and number-
weighted distributions, respectively, with the assumption that the particles were spherical.  To 
examine morphology, particles were collected on a 47-mm quartz-fiber filter (2500QAT-UP; 
Pallflex, East Hills, N.Y.) by a low-volume air sampler (LV, IP-30L; Sibata, Tokyo) of the open-
faced type operating at a flow rate of 30 L/min. Fine and coarse particle morphology was 
examined by scanning electron microscopy (SEM, S–4500; Hitachi, Tokyo). The sample inlets 
were at least one meter above the floor, and the sample air was introduced directly through each 
inlet of the instrument without the use of a sampling tube. 

Before the working period on two different days, the average number concentrations of 
airborne NSPs (< 100 nm) were, respectively, 1.2 × 104 pt/cm3 and 1.6 × 104 pt/cm3 in the 
production room. There was a difference in the particle size distributions observed on the two 
days. Monomodal size distributions were measured in both production room air and outside air 
on the first day, whereas bimodal size distributions were observed on the second day. The source 
of the background airborne particle may therefore have been the outside air. Comparisons of 
particle size distributions and morphology during non-work periods, work periods, an agitation 
process, and in the nearby outdoor air were conducted to identify the sources of the particles and 
to determine their physical properties.  In the indoor air during the non-work period, the modal 
diameters were 25 nm and 80 nm; this result was probably influenced by ingress of outdoor air. 
During the removal of fullerenes from a storage tank for bagging and/or weighing, the number 
concentration for particles with Dp < 50 nm was no greater than during the non-work period, but 
the number concentration for particles with Dp > 1000 nm was greater than during the non-work 
period. When a vacuum cleaner was in use, the number concentration for particles with Dp < 50 
nm was greater than during the non-work period, but the number concentration for particles with 
Dp > 1000 nm was not greater. Electron microscopy revealed that the coarse particles emitted 
during bagging and/or weighing were aggregates/agglomerates of fullerenes.  The origin of the 
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increased numbers of particles with Dp < 50 nm during the vacuuming was not determined. The 
authors recommended that further measurements were needed to clarify particle number size 
distributions in other factories for engineered nanomaterials and for different handling processes 
[Fujitani et al., 2008].  
 Plitzko (2009) measured ENP release in research laboratories as well as in facilities 
producing small amounts of nanomaterials. Measured parameters were the particle number 
concentration and the particle size distribution. Measurements were made with a wide-range 
aerosol spectrometer (WRAS; Grimm) for particle diameters (Dp) ranging from 5 nm to >32 µm. 
With the aerosol spectrometer 1.109 (WRAS; Grimm) measurement of the mass concentration 
was used to determine the time-dependent course of the concentration. Simultaneously, particle 
number concentration in ambient air was measured with a CPC Model 3007 instrument for 
particle diameters ranging from 10 nm to 1,000 nm. Background concentrations at the 
workplaces were analyzed with a WRAS instrument during hours when release of nanomaterials 
from work processes could be excluded (during the night). To characterize the airborne ENPs 
emitted by work processes and to differentiate them from non-engineered NSPs in the 
environment, samples were collected on gold filters or in a thermal precipitator and subsequently 
subjected to chemical composition analysis and scanning electron microscopy (SEM) to identify 
morphology. 
 No significant increase of nanoparticle concentrations was found when proper handling 
was guaranteed (e.g., closed systems, extractor hood). Nevertheless, some particle agglomerates 
of the materials used during the work process, as indicated by electron microscopy, were 
detected. However, the authors did not report where the filter samples were collected.  When 
measurements were made inside an exhaust hood during the handling of nanofibers inside the 
hood, an increase in the particle number concentration to 15,000 pt/cm³ was observed.  
 In another laboratory, similar activities were conducted with ceramic, nanoscale powders 
inside an exhaust hood. Once again, no significant increases were found in the particle number 
concentration as compared to the background concentration. The authors did not state whether 
the filter samples were taken inside or outside the hood.  In both laboratories, nanomaterials were 
released in an agglomerated state as shown by the filter samples.  When opening a reactor briefly 
to remove sample material, peak particle concentrations up to 447,000 pt/cm³ were measured.  
The authors stated that the particles captured during this process were undoubtedly “genuine” 
nanoparticles that agglomerated in a very short time, which immediately led to a lowering of the 
number concentration [Plitzko S. 2009]. 
 
2.2.3 Inhalation and dermal exposure assessment to ENPs 
 Maynard, et al., (2004) studied inhalation and dermal exposure from handling unrefined 
single-walled carbon nanotube (SWCNT) material. Measurements were made at four facilities 
which produced material composed of carbon nanotubes, nanometer-sized catalyst metal 
particles, and other forms of elemental carbon. Inhalation and dermal exposures were measured 
during the removal of the material from production vessels and handling of the material prior to 
processing. Background aerosol within the environment where the nanotube powder was handled 
was reduced by using a clean air enclosure.  An enclosure (approximately 5 ×6 ×7 ft high) was 
constructed at each site using plastic plumbing pipe as a framework and polyethylene plastic 
sheeting as a covering. The enclosure was sealed except for a flap that allowed ingress and 
egress.  HEPA-filtered air was pushed into the enclosure using a high-volume blower with the 
filter downstream of the blower. This arrangement reduced the airborne concentration of 



 9 

particles larger than 10 nm inside the enclosure from several thousand pt/cm3 to below 50 pt/cm3 
in about 30 minutes as measured with the CPC Model 3007 instrument. During handling of the 
SWCNT material, the air inside the enclosure was monitored using the CPC Model 3007 and an 
OPC (Portable Dust Monitor series 1.100, GRIMM Technologies, Douglasville, GA). Both the 
CPC and OPC were placed in a fixed location near the person who handled the nanotube powder.  
Filter samples were also taken within the enclosure. A personal sampler was placed on the 
worker, on a second person inside the enclosure who was monitoring the operation, and at a 
fixed site inside and near a wall of the enclosure. The personal samples were collected with 25-
mm-diameter open-faced conductive filter cassettes, using methylcellulose ester filters for metals 
(primarily iron) analysis (NIOSH Method 7300). Some of the fixed location cassettes were 
loaded with 25-mm polycarbonate filters that were subject to scanning electron microscopy.  
Potential dermal exposure was estimated by placing cotton gloves over the rubber gloves 
normally used by the worker. These were removed immediately after handling the nanotubes and 
placed in separate sealed plastic bags. 
 Although laboratory studies indicate that with sufficient agitation, unrefined SWCNT 
material can release NSPs into the air, the particle concentrations generated while handling 
unrefined SWCNT at the work loads and rates observed were very low. Based on the filter 
analysis, estimates of the airborne concentration of nanotube material generated during handling 
suggest that concentrations were less than 53 µg/m3, and probably significantly below this level. 
The filter analysis indicated that many of these particles were compact, rather than having an 
open, low-density structure more generally associated with unprocessed SWCNT. The filter 
analysis included large aggregates of material that were not respirable. Large aggregates in the 
air will rapidly settle onto surfaces. However, these large particles, along with surface deposits of 
the nanomaterial, could pose a dermal exposure risk. Deposits of SWCNT on gloves during 
handling were estimated at between 0.2 mg and 6 mg per hand. Although the use of gloves and 
other PPE will minimize dermal exposure during direct handling of this material, the propensity 
for any sized particle to become airborne and disperse may lead to dermal exposures in less well 
protected regions. There is little information on the penetration of ENPs through dermal personal 
protective equipment (PPE) materials and through human skin. According to Aitken (2004), PPE 
appears to allow more penetration of nanomaterials than of larger-sized particles. Furthermore, 
previous studies have demonstrated that micro- and nano-sized particles are able to penetrate 
skin [Ryman-Rasmussen et al., 2006; Lademann et al., 1999; Tinkle et al., 2003]. Aside from 
PPE efficacy, dermal exposure could result from touching unprotected skin with contaminated 
fingers.  
 
2.3 Current State of Regulation in the USA  
 Currently, there are no occupational exposure limits for engineered nanomaterials 
[Methner, MM. 2008]. NIOSH and most other groups recommend engineering controls (e.g., 
glove boxes and fume-hoods), work practice standards, and PPE when handling nanomaterials 
[NIOSH, 2009].  Review of the responses to the 2010 California Department of Toxics 
Substances Control (DTSC) “call-in” on carbon nanotubes (CNTs) indicates that companies 
manufacturing nanoparticles tend to use protective measures in addition to PPE, although not in 
every case. The NIOSH guidelines are considered best practices at this time. However, they have 
several shortcomings: (1) they are recommendations, not mandates; (2) the nature of ENP 
emissions is not well understood; (3) the efficacy of current engineering controls to prevent ENP 
inhalation exposure is not well studied; and (4) the extent and importance of dermal contact is 
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not well studied, nor is the efficacy of available PPE to prevent that dermal contact. Thus, 
although engineering controls and PPE are prescribed, their effectiveness in protecting workers 
from exposure to ENPs is not well known.  
 
3.0 Epidemiology Overview 
 In the absence of human data regarding ENPs, it is reasonable to turn to known health 
effects of similar exposures in the ambient or occupational environment for UFPs. Although 
ENPs may have novel mechanisms of toxicity, studies of UFPs are useful in understanding the 
effects that ENPs potentially exert on biological systems. It is hypothesized that UFPs and ENPs 
exert similar toxic effects due to size/surface area [Oberdörster et al., 2005a]. Because ENPs are 
a specific subset of UFPs, it is reasonable to speculate that they exert similar deleterious health 
effects if inhaled. NSPs appear to be more toxic on an equal mass basis than larger particles 
composed of the same material [Oberdörster et al., 2005a].  For example, an inert material such 
as gold can elicit a biological response when it is introduced as a nanomaterial [Goodman et al., 
2004]. The greater biological response elicited by NSPs (including ENPs and UFPs) may involve 
their greater surface area-to-mass ratio.  
 Presented first in the following section is the only epidemiology study of ENPs which 
was a case series.  Then I present the health effects of fine particulate matter (PM2.5) and UFPs 
in urban air pollution. Last, I present what is known about those same health effects in relation to 
workplace exposures similar in particle size distribution and composition to urban traffic PM.   

It is important to note that the chemical composition of most UFPs in ambient air (which 
have been the subject of numerous epidemiologic studies) is substantially different from the 
chemical composition of most ENPs, in particular those based on metals.  The hypothesis that 
there is a toxicological similarity between ENPs and non-engineered UFPs due to the 
size/surface area aspect ignores this chemical difference which may be far more important. 

Biological effects of ambient and laboratory generated UFPs have been reported in 
epidemiologic studies and controlled human clinical studies, in inhalation/instillation studies in 
rodents, and in cell culture systems. Epidemiologic studies indicate that UFP exposure increases 
morbidity and mortality due to cardiorespiratory-related conditions. While the respiratory tract is 
considered the primary target organ for inhaled UFPs (and ENPs), research has demonstrated 
that extrapulmonary organs are also affected [Oberdörster et al., 2005a].  In general, any particle 
that qualifies as an UFP has substantial surface area, oxidant capacity, ability to evade 
macrophage phagocytosis, and propensity for inducing pulmonary inflammation [Chalupa D.C., 
et al., 2004]. Further, inhaled UFPs have a higher deposition efficiency in the pulmonary region 
than do larger particles [International Commission on Radiological Protection (ICRP) 1994].  
Inhalation is considered to be the main route of intake of ENPs.   
 Inspired NSPs will deposit in all regions of the respiratory tract, but the regional 
deposition fraction varies with the particle size.  For one nm particles, 90% deposit in the 
nasopharyngeal region, 10% in the tracheobronchial region and none occurs in the alveolar 
region. For 20 nm particles, 50% of the deposit occurs in the alveolar region and 25% in the 
nasopharyngeal and tracheobronchial regions [Oberdörster et al., 2005a]. Once deposited, NSPs, 
in contrast to larger particles, appear to translocate to different organs in the body after 
penetrating the cell epithelium and entering the blood or lymph systems.  Particles smaller than 
10,000 nm are often called "thoracic particles," particles smaller than about 2,500 nm are called 
"fine particles," and particles smaller than 100 nm are called "ultrafine particles." 
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3.1 Occupational Exposure to ENPs  
 There is only one published study (a case series) regarding adverse effects in humans 
resulting from occupational exposure to ENPs [Song et al., 2009].  Eight women (aged 19 to 47 
years), exposed to airborne polyacrylic ester ENPs for 5 to 13 months at the same workplace in 
China, were hospitalized with shortness of breath and two subsequently died. Consistent findings 
of pleural effusion and pulmonary fibrosis and granuloma were documented. ENPs identified in 
the cytoplasm and karyoplasms of cases matched ENPs recovered from the workplace. A coating 
paste was found to have ENPs around 30 nm in size, as did the dust particles that had collected at 
the inlet of an exhaust ventilation unit. Particles of the same size were also found in the chests 
and lung biopsies of affected workers. The multiples cases with a common exposure provide 
credible evidence of a causal link [Maynard 2009], and the short time period to the development 
of significant morbidity and mortality is a concern [Green et al., 2011].  Two limitations of this 
case series is that the levels of ENP exposure were not measured, and the previous exposures and 
health status of the affected workers were not documented.   
 
3.2 Air Pollution Studies of Fine and UFPs 

There is an extensive literature on the human health effects of fine particles 
(operationally defined as PM2.5) and UFP in urban air pollution.  PM2.5 is the mass of particles 
with aerodynamic diameters < 2,500 nm. PM10 is the mass of particles with aerodynamic 
diameters <10,000nm.  Sources of fine particles include all types of combustion, including motor 
vehicles, power plants, residential wood burning, forest fires, agricultural burning, and some 
industrial processes. Particles between 2,500 nm and 10,000 nm in aerodynamic diameter are 
referred to as "coarse." Sources of coarse particles include crushing or grinding operations and 
dust stirred up by vehicles traveling on roads. UFPs have been defined previously in this chapter.  

The studies in this review did not all measure the same size particles, nor did they 
necessarily measure the same type of particles.  The studies suggest that current levels of 
particulate pollution in urban air are associated with respiratory morbidity, mortality, and 
declines in lung function. In these studies, particulate matter has usually been measured as the 
mass of particles smaller than ten µm (PM10) [Dockery and Pope, 1994; Brunekreef et al., 1995; 
Schwartz, 1995]. The authors found a consistent association between ambient air PM10 
concentrations and adverse respiratory effects in a large number of time-series studies for 
multiple related outcomes, including respiratory mortality, hospital admissions (particularly due 
to chronic obstructive pulmonary disease), symptom status, and pulmonary function (particularly 
peak expiratory flow). Cohort studies [Dockery et al., 1993; Pope et al., 1995b] have also found 
an association between ambient air particulate pollution and cardiorespiratory mortality. 
Cardiovascular disease (CVD) was first associated with PM10 air pollution in a mortality study 
of the Six Cities cohort initially designed to assess pulmonary function. Comparing the most 
polluted to the least polluted of six US cities, Dockery et al., (1993), reported an adjusted 
mortality rate ratio for CVD of 1.26 (95% confidence interval [CI] = 1.08 to 1.47).  

Literature has emerged on the basis of hospital admissions [Peng et al., 2008; Dominici et 
al., 2006], and mortality [Dockery et al., 1993; Schwartz et al., 2008; Laden et al., 2006; Pope et 
al., 2009; Pope et al., 2004; Pope et al., 1995], establishing that exposure to ambient air pollution 
increases the risk of CVD. The association between outdoor air pollutants and exacerbation of 
preexisting chronic obstructive pulmonary disease (COPD) is also supported by reasonable 
evidence; high levels of ambient air PM2.5 with chemical components of elemental carbon and 
organic carbon matter has been linked with increased hospital admissions [Peng et al., 2008; 
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Wellenius et al., 2005], emergency department visits for respiratory disease [Dominici F., et al., 
2006], COPD [Arbex et al., 2009], and COPD mortality [Laden et al., 2000].   

Multiple epidemiologic studies have found associations between ambient air PM10 
concentrations and respiratory and cardiovascular morbidity and mortality in susceptible groups 
in the population [Pekkanen et al., 1997; Penttinen et al., 2001; Peters et al., 1997a, 1997b; von 
Klot et al., 2002; Wichmann et al., 2002].  For example, Pekkanen et al., [1997] compared the 
effects of daily variations in particle concentrations of different sizes on peak expiratory flow 
(PEF) during a 57-day follow-up of 39 asthmatic children aged 7–12 years. Traffic exhaust was 
the main source of particulate air pollution. In addition to the measurements of PM10 and black 
smoke concentrations in ambient air, an electric aerosol spectrometer was used to measure 
particle number concentrations in six size classes, ranging from 0.01 to 10.0 µm. All the 
pollutants studied tended to be associated with declines in morning PEF. However, the only 
statistically significant associations were observed with PM10 and black smoke [Pekkanen et al. 
1997]. 

Another study, by Von Klot et al., [2002], assessed the association between particulate air 
pollution and asthma medication use and symptoms in a study of 53 adult asthmatics in Erfurt, 
Germany in winter 1996/1997. Number concentrations of ultrafine particles (.01–0.1 µm in 
diameter) had an average of 17,300 pt/cm3 and ranged from 3,272-46,195 pt/cm3.  Maximum 
observed mass concentrations of fine particles (0.01 µm –2.5 µm in diameter) was 133.8 µg/m3 
with the mean of 30.3 µg/m3. The prevalence of asthma symptoms was associated with ambient 
particle concentrations. Cumulative exposures over 14 days of ultrafine and fine particles were 
associated with corticosteroid use. β2-agonist use were associated with five-day mean number 
concentration 0.01–0.1, and mass concentration 0.01–2.5. The prevalence of asthma symptoms 
was associated with ambient particle concentrations. The gases NO2  and CO (daily concentration 
data was provided by a urban monitoring station run by the government) were highly correlated 
with ultrafine particles and showed similar results as the ultrafine particles in the majority of the 
analyses. The results suggest that reported asthma medication use and symptoms increase in 
association with particulate air pollution and gaseous pollutants, such as nitrogen dioxide [von 
Klot et al., 2002].  

 
3.3 Controlled Clinical Studies of UFPs 

Controlled clinical studies have evaluated deposition and effects of laboratory-generated 
UFPs. High deposition efficiencies in the total respiratory tract of healthy subjects were found, 
and deposition was greater in subjects with asthma or chronic obstructive pulmonary disease. 
Effects on the cardiovascular system, including blood markers of coagulation and systemic 
inflammation and pulmonary diffusion capacity, were observed after controlled exposures to 
carbonaceous UFPs [Anderson et al. 1990; Brown et al. 2002; Chalupa et al. 2004; Henneberger 
et al., 2005; Jaques and Kim 2000; Pekkanen et al. 2002; Pietropaoli et al. 2004; Wichmann et al. 
2000].  

Anderson et al., [1990] evaluated the effects of lung disease on deposition of inhaled 
UFPs. The authors measured total respiratory tract deposition of nonhygroscopic particles of 20 
to 240 nm in five subjects with obstructive lung disease and three subjects with restrictive lung 
disease and compared it with that in ten normal subjects. The authors generated an aerosol from 
di-2-ethylhexyl sebacate (DEHS), 0.01 percent in 95 percent alcohol using a condensation 
generator. The DEHS aerosol had a count median diameter of 40 nm and a geometric standard 
deviation of 1.7, such that 96% of the particles had diameters < 100 nm. Deposition of these 
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UFPs was increased in subjects with obstructive lung disease compared to normal subjects, but 
was not increased in subjects with restrictive lung disease. Proposed mechanisms for increased 
deposition in subjects with airway obstruction include increased transit time of particles, 
abnormal expiratory collapse of airways due to flow limitation, and flow perturbations resulting 
from decreased airway caliber [Anderson et al., 1990].  
 Brown et al., [2002] studied the deposition and clearance of an ultrafine technetium-99m-
labeled aerosol in ten patients with chronic obstructive pulmonary disease and in nine healthy 
subjects. Primary carbon particles were produced by arcing between graphite electrodes under an 
argon atmosphere. Radiolabeling of particles was accomplished by applying a pertechnetate 
solution onto the tips of electrodes prior to arcing. Particle retention was followed for two hours 
after inhalation and again at 24 hours by gamma scintigraphy. Central-to-peripheral ratios 
indexed airway deposition. Particle accumulation in the liver was examined by quantifying 
activity below the right lung; however, no accumulation was observed. The total deposited dose 
produced by an aerosol exposure of 10 µg/m3 was calculated. For the same exposure intensity, 
patients received a significantly greater total dose deposited in the lungs than healthy subjects 
(2.9 ± 1.0 versus 1.9 ± 0.4 µg/h, p = 0.02). Central-to-peripheral ratios were slightly greater in 
patients than in healthy subjects (1.11 ± 0.10 versus 1.01 ± 0.11, p = 0.05). Clearance did not 
differ statistically between healthy and diseased subjects. Data suggest that relative to healthy 
subjects, patients with moderate-to-severe airways obstruction receive an increased dose from 
UFP exposure [Brown et al., 2002].  

Chalupa et al., (2004) studied 16 subjects with mild to moderate asthma who were 
exposed for two hours, by mouthpiece, to ultrafine carbon particles with a count median diameter 
(CMD) of 23 nm and a geometric standard deviation of 1.6, such that essentially all particles had 
diameters < 100 nm. Particles were generated from pure graphite electrodes by spark discharge 
in anhydrous argon, using a commercial generator (Palas Co., Karlsruhe, Germany). Deposition 
was measured during spontaneous breathing at rest (minute ventilation, 13.3 ± 2.0 L/min) and 
exercise (minute ventilation, 41.9 ± 9.0 L/min). The mean ± SD fractional deposition was 0.76 ± 
0.05 by particle number and 0.69 ± 0.07 by particle mass concentration. The number deposition 
fraction increased as particle size decreased, reaching 0.84 ± 0.03 for the smallest particles 
(midpoint CMD = 8.7 nm). The deposition fraction increased during exercise to 0.86 ± 0.04 and 
0.79 ± 0.05 by particle number and mass concentration, respectively, and reached 0.93 ± 0.02 for 
the smallest particles.  The deposition at rest was greater in these subjects with asthma than in 
previously studied healthy subjects (0.76 ± 0.05 vs. 0.65 ± 0.10, p < 0.001) [Chalupa et al., 
2004].  
 Henneberger et al., [2005] tested the hypothesis that patients with preexisting coronary 
heart disease experience changes in the repolarization1 parameters in association with rising 
concentrations of air pollution. A prospective panel study was conducted in Erfurt, East 
Germany, with 12 repeated electrocardiogram (ECG) recordings in 56 males with ischemic heart 
disease. Hourly particulate and gaseous air pollution and meteorologic data were acquired. 
Continuous UFP (10 to 100 nm) counts, accumulation mode particle count (ACP; 10 to 1,000 
nm), and PM2.5 were measured with a mobile aerosol spectrometer, consisting of a differential 
mobility analyzer combined with a CPC instrument for particles with an aerodynamic diameter 
between 10 nm and 500 nm and an optical laser aerosol spectrometer for particles with a size 
                                                
1 Repolarization is the return of the ions to their previous resting state, which corresponds with relaxation 
of the myocardial muscle. QT duration is a measure of the time between the start of the Q wave and the 
end of the T wave in the heart's electrical cycle. 
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range of 100 nm to 2,500 nm. Accumulation mode particles are generally produced by the 
coagulation of smaller particles and by the heterogeneous condensation of gas vapor onto 
existing aerosol particles. The analysis showed a significant increase in QT duration in response 
to exposure to organic carbon; a significant decrease in T-wave amplitude with exposure to 
ultrafine, accumulation mode, and PM2.5 particles; and a corresponding significant increase of 
T-wave complexity in association with PM2.5 particles for the 24 hr before ECG recordings. This 
study suggests an immediate effect of air pollution on repolarization duration, morphology, and 
variability, representing myocardial substrate and vulnerability, which are key factors in the 
mechanisms of cardiac death [Henneberger et al., 2005].  
 
3.4 Occupational Exposure Studies of Respirable and UFPs 
 A cohort of Norwegian asphalt production workers and pavers was reported to be 
exposed to UFP, at a concentration of 3.4 × 104 pt/cm3, as well as to mineral oils and PAHs 
[Elihn et al., 2008]. In addition to such hot processes as asphalt paving, UFP can also originate 
from combustion, for example in diesel engines, and high-speed mechanical processes, such as 
grinding [Elihn et al., 2009]. In an exposure survey of seven Swedish industries, UFP was 
measured by number concentration and surface area in combustion processes such as diesel 
engines, hot processes such as welding and smelting (30 × 103 to 100 × 103 pt/cm), and high-
speed grinding (10 × 103 pt/cm) [Elihn et al., 2009].  
 Fine and ultrafine airborne particle concentrations in a large ferrous foundry were 
measured over a period of four days using a contour mapping approach, as well as limited 
personal sampling [Liu et al., 2009]. Number and gravimetric concentrations in various regions 
were assessed with direct reading instrumentation on a trolley (P-Trak, DustTrak and HandiLaz 
multichannel particle counter). There was considerable variability in daily results, probably 
reflecting process conditions and sources (such as core shop, furnace area pouring line, barrel 
line and fettling shop). The highest five-minute average ultrafine concentration was recorded in 
the core shop (GM = 2.11×105 pt/cc), with lower values recorded in the pouring line, shakeout 
and fettling areas. Similar trends were seen for PM2.5, with highest values again in the core shop 
(GM = 0.3 mg/m3). The highest respirable quartz concentration was found in the shakeout area 
(0.1 mg/m3) [Liu et al., 2009]. 
 In recent studies of boilermakers, biomarkers of preclinical cardiovascular effects, 
including markers of inflammation [Fang el al., 2008; Fang et al, 2009] and heart-rate variability 
have been associated with exposure to metal-rich PM2.5 containing PAHs [Cavallari et al., 
2007]. By design, these were panel studies with multiple measures of outcome and exposure 
collected over several days. Biomarkers of cardiovascular effects were measured frequently, 
simultaneous with continuous PM2.5 exposure monitoring in a small number of subjects (fewer 
than 30).  
 
3.5 Studies of Chronic Disease in Worker Cohorts Exposed to UFPs  
 In a cohort of European asphalt pavers, a 60% increase in fatal myocardial infarctions 
was associated with an average exposure of 273 ng/m3 benzo(a)pyrene, a PAH species, relative 
to unexposed individuals [Burstyn 2005]. In a cohort of Canadian aluminum smelter workers, an 
elevated hazard ratio for ischemic heart disease (IHD) was found in those with the highest levels 
of both past and current exposures to benzo(a)pyrene, a marker of coal tar pitch volatiles, among 
the actively employed [Friesen et al., 2010]. A cumulative exposure metric using the benzene-
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soluble fraction, an alternative marker of the mixture, was highly correlated with benzo(a)pyrene 
in this cohort (Pearson correlation >0.94, P< 0.001) [Friesen et al., 2010].  
 Workplace PM exposure in the United States is currently regulated by the Occupational 
Safety and Health Administration under a generic standard for particles not otherwise classified, 
at 5 and 15 mg/m3 for respirable and total particulate matter, respectively, as an eight-hour daily 
time-weighted average [29 CFR 1910.1000]. After adjusting for differences in the length of a 
day, permissible exposure limits in occupational settings were up to three orders of magnitude 
higher than that allowed for ambient air [Sjogren 1997; 2002]. The EPA set the permissible 
ambient PM concentration for fine particle matter at 35 µg/m3 (24 hour period), and 15 µg/m3 for 
the annual fine particle matter standard. The national 24-hour PM10 standard is 150 µg/m3 [EPA, 
2012].  
 
4.0 Toxicology of ENPs and UFPs 

There is a small but growing literature on the toxicological effects of various engineered 
nanomaterials. These include in vitro and in vivo laboratory animal studies, of which a large 
proportion focused on carbonaceous nanoparticles (carbon nanotubes, fullerenes and carbon 
black), nano-metals, and metal oxides particularly, titanium dioxide, quantum dots and other 
types of nanoparticles. Studies in animals using laboratory-generated model UFPs or ambient 
UFPs showed that UFPs consistently induced mild yet significant pulmonary inflammatory 
responses as well as effects in extrapulmonary organs [Oberdörster et al., 2005a]. Laboratory-
generated UFPs in these studies were produced from a carbon particle generator consisting of 
two opposing ultrapure graphite electrodes using electric arc discharge in an argon-filled 
chamber [Elder et al. 2000]. Animal inhalation studies included the use of different susceptibility 
models in rodents (e.g., age, genetic predisposition, sex, preexisting disease) with analysis of 
lung lavage parameters and lung histopathology, effects on the blood coagulation cascade, and 
translocation studies to extrapulmonary tissues [Elder et al. 2000, 2002, 2004; Ferin et al., 1991; 
Ferin and Oberdörster 1992; Kreyling et al., 2002; Li et al., 1999; Nemmar et al., 1999, 2002a, 
2002b, 2003; Oberdörster et al., 1992a, 1995, 2000, 2002, 2004; Semmler et al., 2004; Zhou et 
al., 2003].  

Grassian et al., [2007], assessed the toxicity of titanium dioxide (TiO2) nanoparticles with 
a primary size of 2–5 nm using a murine model of lung inflammation and injury. Mice were 
exposed to TiO2 nanoparticles in a whole-body exposure chamber acutely (once for four hours) 
or subacutely (4 hr/day for 10 days). Toxicity in exposed mice was assessed by enumeration of 
total and differential cells, determination of total protein, lactate dehydrogenase (LDH) activity 
and inflammatory cytokines in bronchoalveolar lavage (BAL) fluid. Lungs were also evaluated 
for histopathologic changes. Mice exposed acutely to 0.77 or 7.22 mg/m3 nanoparticles 
demonstrated minimal lung toxicity or inflammation. Mice exposed subacutely (8.88 mg/m3) and 
necropsied immediately and at week one or two postexposure had higher counts of total cells and 
alveolar macrophages in the BAL fluid compared with sentinels. However, mice recovered to 
normal status by week three postexposure [Grassian et al., 2007].  

Another study used zebrafish to identify and distinguish different types of toxicity for 
quantum dots (QDs) [King-Heiden et al., 2009]. Embryos were exposed to aqueous suspensions 
of CdSe core/ZnS shell QDs functionalized with either poly-l-lysine or poly(ethylene glycol) 
terminated with methoxy, carboxylate, or amine groups. Toxicity was influenced by the QD 
coating, which also contributed to the QD suspension stability. At sublethal concentrations, 
many QD preparations produced characteristic signs of Cd toxicity that weakly correlated with 



 16 

metallothionein expression, indicating that QDs are only slightly degraded in vivo. QDs also 
produced distinctly different toxicity that could not be explained by Cd release. Using the 
zebrafish model, the authors were able to distinguish toxicity intrinsic to QDs from that caused 
by released metal ions [King-Heiden et al., 2009].  

Studies have shown that nanomaterial toxicity depends on various characteristics of a 
nanoparticle such as size, shape, chemistry, oxidant generating capacity, surface 
functionalization, and rate of dissolution [Sayes et al., 2004; Warheit et al., 2005; Bergamaschi et 
al., 2006; Ding et al., 2009]. Nanosized materials appear more toxic on an equal mass basis than 
larger particles of the same composition. Some studies have shown the potential for unique 
toxicity of some nanomaterials due to their small size and ability to interact with cell machinery. 
For example, single-wall carbon nanotubes can interfere with mitosis, resulting in genotoxicity 
and abnormal chromosome number [Sargent et al., 2009]. Individual titanium dioxide 
nanoparticles have been observed inside cell organelles, including the cell nucleus [Geiser et al., 
2005].  In the rat, nanoparticles depositing in the nasal region can enter the brain via neuronal 
transport [Oberdörster et al., 2002]. It has been shown that short-term exposures of rodents to 
single and multi-wall carbon nanotubes have resulted in persistent pulmonary fibrosis [Shvedova 
et al., 2009]. In addition, evidence is accumulating that some types of carbon nanotubes (i.e. 
multi-wall) can act like fibers and penetrate the pleura and may induce fiber-based carcinogensis 
[Poland et al., 2008; Porter et al., 2010; Mercer et al., 2010]. Last, long-term (two year) 
inhalation exposure of rats to titanium dioxide has resulted in lung tumors, with the tumors noted 
at substantially lower airborne mass concentrations for nanosized versus fine-sized titanium 
dioxide. [Oberdörster et al., 2005a]. The IARC has recently evaluated titanium dioxide and 
classified it as possibly carcinogenic on the basis of rat studies with high exposures leading to 
overload and cancer [Baan, 2007]. In vitro studies using different cell systems showed varying 
degrees of inflammatory and oxidative-stress–related cellular responses after dosing with 
laboratory-generated or filter-collected ambient UFPs [Brown et al. 2000, 2001; Li et al. 2003]. 
Collectively, the in vitro results have identified oxidative-stress–related changes of gene 
expression and cell signaling pathways as underlying mechanisms of UFP effects, as well as a 
role of transition metals and certain organic compounds on combustion generated UFPs. These 
can alter cell signaling pathways, including Ca2+ signaling and cytokine signaling (e.g., 
interleukin-8) [Donaldson et al. 2002; Donaldson and Stone 2003]. Effects were on a mass basis 
greater for model UFPs than for fine particles, whereas effects for ambient UFP cellular 
responses were sometimes greater and sometimes less than those of fine and coarse particles. 
The interpretation of the in vitro studies is difficult because different studies used particles of 
different chemical composition, different target cells, different exposure durations, and different 
biological outcomes. In addition, high dose levels were used, in general, which were orders of 
magnitude higher than predicted from relevant ambient exposures.  
 
5.0 Conclusion 
 Overall, it is still not known whether ENPs pose a substantially greater human health risk 
than do larger particles of the same composition. Some animal studies show that the same bulk 
material introduced as nanoparticles versus non-nanoparticles exerts greater toxicity. 
Epidemiologic studies show a positive association between levels of exposure to small particles 
(variously measured as UFPs, PM2.5, PM10 and respirable mass) in ambient air and cardio-
pulmonary morbidity/mortality.  Some researchers suggest that ENPs would exert similar toxic 
effects, based on their size and the high surface area-to-mass ratios, but there is yet no proof of 
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such a relationship, and the focus on the surface-area-to-mass ratio ignores potentially important 
differences in chemical composition. 
 The studies summarized in this short review demonstrate that UFPs cause greater 
inflammatory response than do fine particles per given mass. Surface properties appear to play 
an important role in UFP toxicity. Contributing to the effects of UFPs is their high size-specific 
deposition when inhaled as singlet UFPs rather than aggregates. It appears that inhaled UFPs 
deposited in the lung largely escape alveolar macrophage surveillance and gain access to the 
interstitium. Inhaled low doses of carbonaceous UFPs can cause mild pulmonary inflammation 
in rodents. Age and a compromised/sensitized respiratory tract can increase the susceptibility to 
effects of UFPs. It appears that the aged organism is at a higher risk for oxidative stress-induced 
lung injury as demonstrated by biological susceptibility models [Oberdörster, 2001]. 
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Chapter 2: 
 

Achieving Low Background Nanoparticle Concentrations to Improve Sensitivity and 
Specificity of Detection 

 
 
1.0 Introduction 

It is estimated that two million workers will be employed in industries that will be using 
nanotechnology by 2020 [Schulte et al., 2008]. Employees involved in nanotechnology are 
potentially exposed to materials of uncertain toxicity [Fujitani et al., 2008; Maynard et al., 2004; 
Peters et al., 2009; Johnson et al., 2009; Kelly, 2009]. Upon reaching particular biological sites, 
engineered nanoparticles (ENPs) can undergo a series of processes, such as binding and reacting 
with proteins, phagocytosis, deposition, clearance, and translocation [Oberdorster, et al., 2005; 
Chen et al., 2008]. Currently, no occupational exposure limits govern workplace exposure to 
ENPs [Methner, 2008].  
 As applications of nanotechnology expand, there is an increasing need to develop 
reproducible, inexpensive, sensitive, and specific ways to measure occupational exposures to 
ENPs. Along with health and safety concerns, sampling for ENPs may be done for 
production/quality assurance reasons. ENPs are expensive; thus, manufactures do not want these 
materials released from the production process into the work environment. The use of hand-held 
direct-reading particle instruments to screen for airborne ENPs is attractive due to the relatively 
low cost of such commercially available instruments and the immediate feedback provided.  
However, because ambient air typically contains thousands of nanoparticles per cubic 
centimeter, this background concentration must be accounted in quantifying ENPs.  Airborne 
non-engineered nanoparticles are present in many workplaces, due to sources such as 
gasoline/propane/diesel powered forklift trucks, other combustion/heating processes (e.g., 
welding, heat sealing, natural gas heating units), grinding, office equipment (e.g., printers), and 
infiltration of outside air.  
 Because ENP toxicity has not been investigated comprehensively, and because some 
studies suggest that certain ENPs may be highly toxic, the risk management philosophy of many 
organizations is that exposure to ENPs above background nanoparticle levels is not acceptable. 
Industrial hygienists have generally approached ENP sampling with the notion that if ENPs 
cannot be detected in the sampling environment above background levels, exposure to ENPs is 
not occurring. If there is a low signal-to-noise ratio, however, this approach underestimates ENP 
exposure intensity, and large fluctuations in background concentrations could make it difficult to 
measure releases of ENPs [Methner et al, 2010].  Therefore, it is important to discern between 
background non-engineered nanoparticle and ENP concentrations. The few ENP exposure 
studies that have been published have inadequately accounted for background nanoparticles.  
  The sampling strategy known as the Nanoparticle Emission Assessment Technique 
(NEAT) developed by the NIOSH nanotechnology field research team, instructs that during the 
initial assessment, the person conducting the air sampling will determine the average airborne 
particle number concentration at various processes and adjacent work areas with a condensation  
particle counter [CPC] and an optical particle counter [OPC] before the processing or handling of 
ENP material begins [Methner et al, 2010]. If the initial background particle number 
concentrations are high (values are relative and will vary with processes and facilities), an effort 
should be made to identify the source(s) of these ambient non-engineered nanoparticles. 
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Measurements of background particle number concentrations are repeated after the active 
processing, manufacturing, or handling of the ENP material has ended [Methner et al, 2010].  An 
average background particle number concentration is then computed (using data collected before 
and after the process/task) and subtracted from the measurements made during processing, 
manufacturing, or handling of ENP material.  This approach of “adjusting” the process/task-
based measurements is acceptable only if the background particle number concentration remains 
relatively stable throughout the measurement period and emissions from the process under 
investigation are sufficiently elevated above background [Methner et al, 2010]. If background 
particle number concentrations are variable, it may be necessary to measure particle number 
concentrations before and after each process/task and compare that data to measurements made 
during the corresponding process/task. If background particle number concentrations remain 
elevated after a particular process/task, thereby indicating a release has occurred, it may be 
necessary to use general/local exhaust ventilation to reduce the background number 
concentrations to pre-handling status before the next process/task is measured.  For other 
situations, adjusting particle background number concentrations becomes more complex, 
requiring additional sampling over an extended time period to determine the source(s) and 
magnitude of background particle concentrations.  This type of evaluation is generally outside 
the scope of the assessment described in NEAT. Once background particle number concentra-
tions have been determined, process/task specific measurements are made with the CPC and 
OPC simultaneously at locations near the suspected emission source (e.g., opening a reactor, 
handling or openly transferring product, potential leak points in the ventilation system). Airborne 
particle number concentrations are determined and compared to background to determine if  
ENP emission has occurred. Measurement data collected in this manner can then be used to 
identify processes, tasks, locations, and personnel for filter-based air sampling [Methner et al, 
2010]. 
 Although NEAT provides a general approach to accounting for background non-
engineered nanoparticle concentrations, the procedure lacks specificity and sensitivity. To 
enhance specificity and sensitivity, background non-engineered nanoparticle concentrations need 
to be reduced. Cleanroom environments are engineered to contain relatively low and stable 
background particle concentrations. Sampling ENP emissions in cleanroom environments would 
be ideal because there is a greater signal to noise ratio, which thereby improves sensitivity and 
specificity. In my initial assessments in cleanrooms, I observed ENP releases and exposures that 
would otherwise not be recognized as nanoparticle concentrations above background.  From this 
finding, low-background enclosures were developed for monitoring ENP releases with an 
enhanced signal-to noise.  
 Maynard, et al. (2004), were the first to publish air sampling results using a portable 
clean-air enclosure to reduce background nanoparticle concentrations. An enclosure 
(approximately 5 ft wide by 6 ft deep by 7 ft high) was constructed at each site using 1½-inch 
diameter plastic plumbing pipe as a skeletal frame and polyethylene plastic sheeting as a 
covering.  The enclosure was sealed except for a flap which allowed ingress and egress. Particle-
free air was pushed into the enclosure using a high-volume sampling blower with a HEPA filter 
downstream of the blower.  The resulting concentration inside the enclosure of airborne particles 
larger than 10 nm was reduced from several thousand particles per cubic centimeter (pt/cm3) to 
below 50 pt/cm3 in about 30 min (as measured using a portable CPC instrument, Model 3007, 
TSI, Inc., St. Paul, MN). The air inside the enclosure was monitored using the CPC and an OPC 
(Portable Dust Monitor series 1.100, GRIMM Technologies, Douglasville, GA).  Both the CPC 
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and the OPC were placed in a fixed location near the person who handled the nanotube powder.  
Filter samples were also taken within the enclosure.  The results of this study were described in 
Chapter 1.   
 To address the problem of high and variable background particle concentrations,  
I investigated exposure assessment methods that are (i) highly specific in that the direct reading 
instruments and filter-based sampling identify ENPs and not background nanoparticles, and  
(ii) highly sensitive in that the ENPs can be measured at concentrations below usual background 
nanoparticle concentrations in research laboratories. My objective was to test and develop new 
systems for eliminating background nanoparticle levels to enhance the signal-to-noise ratio in 
measuring ENPs.  For this purpose, I used a drop-top glovebox enclosure and a portable 
cleanroom enclosure.  The drop-top glovebox was used to assess ENP emission while handling 
ENP material on a bench-top. The glovebox was operated at positive pressure with supply air 
passed through HEPA filters.  The portable cleanroom enclosure also used HEPA-filtered supply 
air, and was designed for use with existing laboratory fume hoods. The air inside both enclosures 
was monitored via integrative filter-based-sampling with subsequent electron microscopy 
analysis and via direct-reading CPCs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 24 

2.0 Materials and Methods 
 
2.1 The Portable Cleanroom Enclosure 
 Research processes involving use of ENP materials in fume-hoods were evaluated using a 
HEPA-filtered portable cleanroom enclosure, which was developed as part of this dissertation 
project.  The enclosure (6x7x4 ft) was an aluminum skeletal frame with polyethylene plastic 
sheet as a covering, that was placed over the front of the laboratory hood (see Figure 1).  The 
HEPA-filtered fan unit supplied laboratory air with a substantially reduced particle concentration 
into the enclosure at approximately 1000 cubic feet per minute (cfm).  This supply rate was 
slightly higher than the exhaust rate through the laboratory hood, and thereby created a slight 
positive pressure in the enclosure relative to the laboratory space.  This system reduced the 
background nanoparticle concentration from several thousand pt/cm3 to 0-2 pt/cm3 within 60 
minutes.  The scientist entered the enclosure and conducted work with ENP material in the 
laboratory hood as usual. 
 
 
 

 
 

Figure 1.  Photograph of enclosure attached to fume-hood. 
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2.2 The Portable Drop-top Glovebox 
 The portable drop-top glovebox was employed for ENP work that could be performed on 
a bench top or in a typical glovebox (see Figure 2). The glovebox enclosure (3.5x2x1.5 ft) was 
supplied with HEPA-filtered air at a rate to maintain a slight positive pressure inside the 
enclosure relative to the laboratory space.  The filtered air was fed into the glovebox through a 
grill that released air in a laminar flow pattern. The glovebox was equipped with a pressure 
gauge and an air throttle in the supply air duct that permitted control of the supply air flow.  The 
filtered supply air nanoparticle concentration was 0-2 pt/cm3.  Four exhaust ports equipped with 
HEPA filter respirator cartridges were built into the glovebox to permit air outflow. The 
glovebox contained several other ports that allowed for attachment of sampling instrumentation 
such as the tubing that connected sampling filter as well as the CPC.  There was an AC power 
outlet port inside the glovebox, which allowed for using electronic devices that operated with on 
line current.  
 
 

 
 

Figure 2.  Photograph of portable drop-top glovebox. 
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2.3 Direct Reading Instrumentation  
 Airborne ENP concentrations during a task/process inside a clean air enclosure were 
determined with a CPC (TSI Model 3007) which provided particle number concentration 
measurements for each second [CPC specifics were previously described in Chapter 1; Section 
2.1].  Because the size and degree of particle agglomeration are unknown at the time of 
evaluation, I determined that using these particle-sizing instruments would provide a semi-
quantitative indication of the relative size range and magnitude of potential emissions for each 
process. For research that employed the portable cleanroom, two CPC instruments were used. 
One CPC was located about six inches from the ENP emission point, whereas the second CPC 
was located in the breathing zone of the human subject. The two CPCs were synchronized to 
collect the data simultaneously.  Particle concentration measurements were taken before and 
after each process/task to determine background nanoparticle concentrations. For research that 
employed the portable drop-top glovebox, one CPC was placed about six inches from the ENP 
emission point inside the glovebox and no PBZ measurements were taken because the glovebox 
provided a containment between the worker and work environment.  
 
2.4 Integrative Filter Sampling  
 During a task/process inside the portable cleanroom enclosure, filter samples were also 
collected.  The purpose was to further quantify airborne ENP concentrations and assess physical 
and chemical characteristics of the ENP material.  The filters were 25 mm, 0.4 µm pore size 
polycarbonate (PC) filters.  One filter cassette was co-located with the CPC instrument about six 
inches away from the ENP emission point. A second filter cassette was located in the worker’s 
breathing zone to measure personal exposure. A third filter cassette was used to collect airborne 
particulate matter outside the clean air enclosure and at a position well removed from the 
process/task inside the enclosure; this filter sampling reflected laboratory background conditions. 
During a task/process inside the portable drop-top glovebox, a filter sample was taken about six 
inches from the emission source.  
 A complicating factor for integrative filter sampling was that most of the research 
activities involving ENPs typically lasted less than a few minutes. To increase analytical 
sensitivity, the filter samples were collected using higher sampling airflow rates (approximately 
7 L/min) than generally used in industrial hygiene aerosol sampling. For some sampling 
scenarios, in an effort to obtain a lower detection limit, the research process was performed over 
a longer time period (approximately 30 to 70 minutes), which resulted in samples that were 
collected for five-to ten-times longer than the normal process time.  
 
2.5 Microscopic Analysis 
 The concentration increase above background was confirmed to be due specifically to 
ENPs. Confirmation of the ENPs was provided by high resolution electron microscopy on the 
filter samples conducted by the RJ Lee Group Inc. The analysis provided information on the 
physical and chemical characteristics of the source material and the concentration of the NSPs. 
The application of STEM (Scanning Transmission Electron Microscopy) provided detailed 
imaging of the general surface morphology and determination of nanoparticle clustering. TEM 
(Transmission Electron Microscopy) was used to image NSPs on the filters. TEM with EDS 
(Energy Dispersive Spectroscopy) characterized particle size (i.e., diameter and length), 
morphology, and elemental composition.  
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Filter samples were prepared for analysis by first coating the filters with a thin layer of 
carbon and then dissolving sections of the filter in chloroform.  This process left particles trapped 
on a carbon film supported by a 400-mesh TEM grid.  Analyses were performed using a Hitachi 
S-5500 field emission SEM, a Hitachi HD-2300 STEM, and a JEOL 1200II TEM.  
Compositional information was obtained on both the STEM and the TEM through EDS.   

Although ENPs are less than 100 nm in size, agglomerates of ENPs can be greater than 
one µm in size.  The RJ Lee Group Inc. used multiple magnifications to maximize the potential 
for observing ENPs in various size ranges. The analysis protocol was in general accordance with 
published methods for other small particles (ceramic whiskers in ASTM D-6056 [ASTM 2006a]; 
airborne asbestos fibers in ASTM D-6281 [ASTM 2006b]), and was based on a combination of 
TEM and SEM.  The analysis of each sample was segregated into three size fractions (< 500 nm, 
500 to 2000 nm, > 2000 nm) with an appropriate magnification for each size fraction. The first 
step of the analysis involved surveying ten grid openings at a 1300X magnification to count and 
measure ENP agglomerates greater than approximately 2000 nm in diameter.  [The second step 
involved scanning four grid openings at 20,000X magnification to count and measure ENP 
agglomerates between approximately 500 and 2000 nm in diameter.  The third step involved 
counting and measuring ENPs between approximately 10 and 500 nm in diameter in 20 
randomly selected fields at 100,000X magnification.  Particles consistent with the source 
material based on morphology and EDS were counted, the dimensions of each enumerated 
particle were recorded, and representative images along with elemental spectra were 
documented.  
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2.6 ASHRAE 110 Standard Laboratory Fume Hood Testing 
 The performance of a laboratory hood in preventing worker exposure to air contaminants 
at the hood face is strongly influenced by the aerodynamic design of the hood, the method of 
operation of the hood, the stability of the exhaust ventilation system, the supply ventilation of the 
laboratory room, the work practices of the user, and other features of the laboratory in which it is 
installed. Therefore, a change for any given variable could influence the performance of the fume 
hood system. Because it is plausible for the cleanroom enclosure to alter the performance of the 
laboratory fume hood, performance with and without the cleanroom enclosure in place was 
assessed.  
 The ASHRAE Standard 110 method is used to determine the ability of the fume hood to 
prevent contaminant emissions from inside the hood into the room while a worker uses the hood.  
 Although the test uses a tracer gas, the procedure is valid when the contaminant is a 
particulate. Fine dust, small enough to be of health significance, will be carried along with the 
hood air currents in a fashion similar to the transport of a gas. In this method, sulfur hexafluoride 
(SF6) gas is released inside the hood at a known rate, and the SF6 concentration three inches 
outside the hood face is measured on the left-side, on the right-side, and at the center of the hood 
face opening. TSI, Inc. conducted ASHRAE Standard 110 testing on fume hoods with, 
respectively, four-feet wide and six-feet wide hood face openings, to which the cleanroom 
enclosure was attached (see Figure 3).  No SF6 leakage was detected with or without the 
cleanroom enclosure.  Thus, the clean room enclosure did not interfere with the performance of 
the fume hood (see Figures 4-7).  
 

 
 
Figure 3.  Photograph of ASHRAE Standard110 positional tracer test performed on 2/10/2011.  
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Figure 4. ASHRAE Testing for 4-feet wide hood face opening with cleanroom enclosure 
attached.  
 

 
 
Figure 5. ASHRAE Testing for 4-feet wide hood face opening without cleanroom enclosure 
attached.  
 

 
 
Figure 6. ASHRAE Testing for 6-feet wide hood face opening with cleanroom enclosure 
attached.  
 

 
 
Figure 7. ASHRAE Testing for 6-feet wide hood face opening without cleanroom enclosure 
attached.  
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3.0 Results 
 The focus of this chapter is to demonstrate that the clean air enclosures reduced the 
background nanoparticle concentrations; the actual ENP monitoring results are presented in 
Chapters 3,4,5.   
 
3.1 The Portable Cleanroom Enclosure  
  Figure 8 shows particle number concentration versus time for laboratory background 
measurements at clock time 13:29-13:32, and for measurements taken inside the cleanroom 
enclosure at clock time 13:32:33. Tables 1 and 2 present laboratory air particle number 
concentrations as high as 6,522 pt/cm3 with a mean of 4,363 pt/cm3.  Figure 8 shows the decrease 
in pt/cm3 at clock time 13:32:33 when measurements were taken inside the cleanroom enclosure. 
Particle number concentrations decreased to 0-2 pt/cm3 within 26 seconds and stabilized.  
 Figure 9 and Tables 1 and 2 demonstrate that the CPC measured NSPs above background 
concentration levels during the events: poured solution, combustion, and harvest.  Because 
background levels in the cleanroom enclosure were low and stable at 0-2 pt/cm3, this finding 
suggests that the concentrations measured above background are attributed to ENP release from 
the source, or from incidental NSPs generation from the devices used during the events. The 
CPC was located in the cleanroom enclosure within the breathing zone of the participant; 
therefore, based on the measurements, it is possible for ENPs to escape the fume hood where the 
ENP source was located.  
 
 
 

 
 
Figure 8. Particle number concentration (pt/cm3) versus time. Laboratory background 
measurements at 13:29-13:32. At 13:32:33, measurements were taken inside the cleanroom 
enclosure. Concentration is represented as 104 in magnitude.  
 
 

Cleanroom 
readings 
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Event 
ID Time  Event 

1 13:29-13:32 
Began logging data for CPC_1; laboratory background 
measurements 

2 13:32:01 Transferred CPC to inside the cleanroom enclosure  
3 13:27-13:32:39 Cleanroom enclosure after entry 
4 13:33:57-13:35:52 Poured solution into metal vessel on hotplate 
5 13:35:52-13:37:14 Combustion occurred with sign of black smoke 

6 13:37:15 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

 
Table 1. Event identifier and corresponding times for activity-based monitoring with the CPC_1 
which operated inside the cleanroom enclosure.  
 
 

Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 13:29-13:32 441-6,522 4,408 1,168 
2 13:32:01 5-72 30 20 
3 13:27-13:32:39 0-5 2.1 1.2 
4 13:33:57-13:35:52 0-63 7 10 
5 13:35:52-13:37:14 0-24 2.4 4 
6 13:37:15 0-22 1.6 2.4 

 
Table 2. Event identifier, time, and summary statistics for particle number concentration 
(pt/cm3).  
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Figure 9. Particle number concentration (pt/cm3) versus time. Depicts peaks corresponding to the 
events: poured solution, combustion, and harvest.  
 
 
3.2 The Portable Drop-top Glovebox 
 Figure 10 and Table 3 illustrate that the background particle number concentration in the 
laboratory room ranged from 1,222-1,671 pt/cm3. The average particle concentration was 1,479 
pt/cm3 with a standard deviation of 80 pt/cm3 (Table 3).  Figure 10 shows the high background 
concentration related to the laboratory background air measurements followed by a decrease to 2 
pt/cm3  at 12:21:06 due to the CPC connection to the glovebox.  The glovebox background 
particle concentration was low and stable at 0-2 pt/cm3.  Figure 11 illustrates that the particle 
number concentration increased due to the opening and introduction of materials into the 
glovebox at 12:21:40.  Within 2 seconds, the glovebox effectively flushed out the NSPs and 
stabilized background to 0-2 pt/cm3.  
 Table 4 presents the different events of the experiment involving ENPs.  Concentrations 
above background were measured for each event suggesting that ENPs are able to become 
airborne.  Figure 12 is the graphic representation of the particle number concentrations that 
correspond to each event in the experiment.  At the cessation of the experiment, background 
measurements of 0-2 pt/cm3 were recorded.  
 
 
 
 
 
 
 
 
 
 

Poured soln 

Combustion Harvest 
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Figure 10. Background particle number concentration (pt/cm3) versus time in the laboratory 
room outside of glovebox and inside glovebox at 12:19.  Concentration is expressed as 103 in 
magnitude. 
 
 
 

 
 
Figure 11. Background particle number concentration (pt/cm3) versus time. Concentration is 
expressed as 103 in magnitude.   
 
 
 
 
 
 
 
 
 

Inside glovebox 

Opened glovebox to 
introduce materials 
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Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1,222-1,671 1,479 80 
 
Table 3. Summary statistics for particle number concentration (pt/cm3) for laboratory air.  
 
 
 

Time of Event Event 
Range 

(pt/cm3) 
Mean 

(pt/cm3) 
Stdev 

(pt/cm3) 
12:26-12:28 Open container 0-6 0.8 1.1 
12:28-12:43 Scrape & scoop 0-12 1.5 1.2 
12:43-12:47 Scrape 1 inch  0-70 4 9 
12:47 Conclusion . . . 

 
Table 4. Carbon nanofiber sample. Summary statistics for particle number concentration 
(pt/cm3).  
 
 
 

 
 
Figure 12. Carbon nanofiber sample. Particle number concentration (pt/cm3) versus time from 
12:44-12:48. Shows the events of scraping the wafer one inch from sampling inlet. At 12:48, the 
tasks conclude.  
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4.0 Conclusion 
 NIOSH states that its NEAT methods can detect particle concentration increases of about 
25% above existing ambient background concentrations [Methner, et al. 2010].  If one assumes 
an average background nanoparticle concentration of 3000 pt/cm3 (which is conservatively low), 
then NIOSH can detect an increase of about 750 pt/cm3, which is the de facto limit of 
quantification.  In contrast, by using the clean air enclosures, an increase of five pt/cm3 can be 
measured, which represents a 150-fold increase in sensitivity (750/5) compared to the NEAT 
method.  Greater relative increases in sensitivity are afforded with increased background 
nanoparticle concentrations. This dissertation research demonstrates that based on measurements 
made with a commercially available CPC, a 100- to 300-fold increase in sensitivity was achieved 
with the use of the clean air enclosures (Chapters, 3,4,5).  

NIOSH also states that if the existing ambient background nanoparticle concentration is 
low and stable, its numerical value can be subtracted from the nanoparticle concentration 
measured when ENP material is being handled to estimate the actual ENP concentration in air 
[Methner, et al. 2010]. However, subtracting the background concentration is not reliable for 
environments that have high ambient nanoparticle concentrations and/or are subject to 
substantial variability in the background concentration. In this dissertation research, the electron 
microscopic examination of the filter samples confirmed that the measured increase in 
nanoparticle concentrations above the low background levels inside the clean air enclosures was 
due to ENPs and not due to nanoparticles from other sources.  Therefore, the clean air enclosures 
greatly enhanced the specificity of ENP measurements.   
 The increased sensitivity and specificity achieved with the clean air enclosures has 
provided confidence in establishing ENP exposure controls in a research and development 
setting at Lawrence Berkeley National Laboratory.  The clean air enclosures and sampling 
methods used in this study should prove feasible in assessing engineering control efficacy to 
minimize ENP emissions in industrial workplaces.  These same clean air enclosures and 
sampling methods should permit more accurate airborne ENP exposure assessments, which in 
turn would inform the development of protective standards for individuals working with ENPs.  
 For toxicology and epidemiology studies of the health effects of ENPs, it is important to 
distinguish between exposure to ENPs versus ambient background nanoparticles.  The methods 
used in my study ensure that ENP concentrations are quantified.  I note that most nanotoxicology 
data reported thus far have been obtained using high doses of ENPs that are not likely to be 
encountered in an occupational setting.  But as in carcinogenicity testing, high doses are used to 
maximize the chance of seeing an effect. Although high-dose models provide utility for 
comprehensive risk assessment, they may not capture what is occupationally realistic. Obtaining 
information on doses that are occupationally realistic is important if one wants to test ENP 
toxicity at the doses (presumably low) received by manufacturing workers. Any prospective 
epidemiological study of the health effects of ENPs among occupational cohorts will require 
accurate exposure information, and the present research improves exposure measurement 
accuracy.  
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Chapter 3: 
 

Monitoring of Complex Metal-Oxide Engineered Nanoparticle Emission and Airborne 
Exposure During Combustion Synthesis using a Low-Background Portable Clean Room 

Enclosure 
 
 
1.0 Introduction 
 It has been demonstrated in Chapter 1 that human exposure can occur to engineered 
nanoparticles (ENPs) released into the environment. To my knowledge, no published studies 
have evaluated the potential for ENP release or worker exposure from combustion-based ENP 
syntheses.  Combustion synthesis (CS), also known as self-propagating high-temperature 
synthesis (SHS), is an effective, low-cost method for production of various industrially useful 
materials [Singanahally T. et al., 2008], such as cathode material for lithium ion batteries.  CS is 
a popular approach for preparing nanomaterials and is used in over 65 countries [Singanahally T. 
et al., 2008].  Recently, a number of important breakthroughs in this field have been made, 
notably for development of new catalysts and nanocarriers with properties claimed to be better 
than those for similar traditional materials [Singanahally T. et al., 2008].  Because the use of CS 
is increasing, and potentially toxic ENPs may be emitted, evaluation of potential occupational 
exposure to these ENPs is needed. 
 In my initial assessment of ENP release and inhalation exposure at the Lawrence 
Berkeley National Laboratory (LBNL), the activity of highest concern was the combustion 
synthesis of complex metal oxide ENPs.  Specifically, LiNi0.45Mn0.45Co0.1-yAlyO2 was generated 
using the glycine-nitrate combustion method described later in this chapter.  This particular 
synthesis is regarded as a "quick and filthy operation," because it is common to observe black 
smoke emissions and residue contamination of surfaces.  In turn, it seemed plausible that ENPs 
were emitted into the environment with resultant worker exposure.  The CS operation of interest 
was conducted in a fume hood designed to prevent release of emissions into the workplace.  
 The laboratory process evaluated here was the glycine-nitrate combustion method, which 
is a relatively simple and rapid way to synthesize Al-substituted materials. Glycine is a 
“zwitterionic” molecule, containing two functional groups – one carboxylic acid, one amine – at 
either end of the molecule.  Both sites have the ability to complex with metal ion species, and 
due to the different end groups, the molecule can accommodate ions of various sizes, such as the 
Li and transition metal ions in this study.  The complexing of glycine with the dissolved metal 
nitrates results in an intimately mixed precursor solution, and additionally, prevents the selective 
precipitation of any species as the solution is concentrated.  The high temperatures reached 
during the combustion allow for complete and tunable2 reaction potential, and result in 
homogeneous nanoparticulate products.  From a material science perspective, achieving better 
rate performance of the nanocomposites in lithium cells depends on improving the homogeneity 
of the carbon coverage and preventing agglomeration of the nanoparticles. 
 Using the portable cleanroom enclosure described in Chapter 2, I was able to measure 
with a condensation particle counter (CPC) and filter-based sampling, emissions and airborne 
exposure to lithium manganese cobalt nickel ENPs during CS. 
                                                
2 Tunable: A tunable chemical reaction would be one that can be modified slightly to suit the 
needs of the one performing it. 
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2.0 Materials and Methods 
 
2.1 Chemicals 
 Stoichiometric amounts of LiNO3 (Mallinckrodt), Ni(NO3)2•6H2O (Sigma Aldrich), 
Co(NO3)2•6H2O (Sigma Aldrich), Al(NO3)3•9H2O (Sigma Aldrich), and Mn(NO3)2 (45- 50 wt% 
solution in dilute nitric acid, Sigma Aldrich) were mixed with glycine (C2H5NO2, 98.5%, Sigma 
Alrich) in a distilled water solution. 
 
2.2 Laboratory Processes Evaluated 
 LiNi0.45Mn0.45Co0.1-yAlyO2 (0"y"0.1) layered oxide materials over the entire co-
substitution range were prepared using the glycine-nitrate combustion method. Glycine was 
added such that the glycine:transition metal ratio was 1:2.  A 5% excess of LiNO3 was used in all 
samples to account for Li loss during the synthesis procedure.  The solution containing the 
formula ions was continuously stirred in a vessel located outside of the fume hood on a benchtop 
(see Figure 1 in Appendix). The fume hood sash was raised about six inches and the precursor 
solution was transferred in 20 mL increments via syringe to a heated stainless steel beaker placed 
on a hotplate.  The precursor solution was concentrated by the evaporation of water (see Figure 2 
in Appendix). A screen was placed over the vessel followed by the closing of the fume hood sash 
(see Figure 3 in Appendix).  A rapid, exothermic self-propagating combustion reaction ensued, 
in which the glycine was oxidized by the nitrate ions.  The glycine-nitrate combustion produced 
black smoke which was released from the vessel (see Figure 4 in Appendix).  After the smoke 
was no longer visible, the fume hood sash was raised about six inches and the vessel was 
repeatedly tapped with a metal spatula (see Figure 5 in Appendix).  A spherical nanosized oxide 
powder less than 50 nm in diameter with the desired metal stoichiometry had been generated and 
was transferred to plastic trays (see Figure 6,7 in Appendix).  
 
2.4.0 Airborne Particle Detection 
 
2.4.1 Portable Cleanroom Enclosure 
 ENP release and worker exposure was evaluated using a HEPA-filtered portable 
cleanroom enclosure described in Chapter 2.  The enclosure was attached to the six-foot wide 
fume hood (see Figure 8).  The enclosure reduced the laboratory background NSP concentration 
from several thousand pt/cm3 (for example, Sample 1; Synthesis 1; mean=5,700, range=3,939-
9,820 pt/cm3; standard deviation = 1,040 pt/cm3) to 0-2 pt/cm3. 
 
2.4.2 Direct-Reading, Real-Time Instruments 
 Hand-held CPC instruments (Model 3007; TSI, Inc.) were used to determine particle 
number concentrations.  Two CPCs were operated simultaneously.  CPC_1 was located at the 
worker’s waist level within the enclosure but outside the fume hood during the first day of 
monitoring, and in the worker’s breathing zone within the enclosure but outside the fume hood 
during the second and third days of monitoring.  CPC_2 was located inside the fume hood about 
12 inches from the source release point.  Laboratory background particle concentration 
measurements were taken before and after each synthesis. 
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2.4.3  Filter Sampling  
 Sampling for airborne particles with polycarbonate (PC) filters was simultaneously 
conducted at the source release point and in the PBZ per fume hood processes. One PC filter 
cassette was worn by each worker per experiment to measure their ENP exposure level during 
research activities.  Source sampling involved drawing air through a PC filter cassette per 
experiment positioned directly above the work area.  The filter samples were co-located and 
operated simultaneously with the CPC particle counters at the source and in the cleanroom 
enclosure.  The filter samples were collected using an airflow rate of approximately 7 L/min.  
 
2.5.0 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
 
2.5.1 Filter Sample Preparation 
 The filter samples were prepared for analysis as follows.  First, the filter was coated with 
a thin layer of carbon.  Sections of the filter were dissolved in chloroform to produce an intact 
carbon film containing the particles on a supportive 400-mesh transmission electron microscopy 
(TEM) grid.  For analysis of the bulk source material, an isopropanol suspension of the bulk 
source NP sample was ultrasonicated to disperse the material and then deposited directly onto a 
TEM grid with a carbon support film.  
 
2.5.2  Microscopy 
 High resolution electron microscopy techniques were used by the RJ Lee Group Inc. to 
analyze the filter samples.  The analysis provided information on the physical and chemical 
characteristics of the source material and the concentration of the NSPs on the filters. 
Air samples were collected with 25 mm, 0.4 µm pore size PC filters.  Because ENPs can include 
particles in the nanosize range as well as agglomerates of NPs on the order of micrometers or 
larger, the RJ Lee Group Inc., developed a protocol using multiple magnifications to maximize 
the potential for observing ENPs in various size ranges.  The analysis protocol was in general 
accordance with published methods (ceramic whiskers in ASTM D-6056 [ASTM 2006a]; 
airborne asbestos fibers in ASTM D-6281 [ASTM 2006b]), and was based on a combination of 
TEM and high resolution scanning electron microscopy (SEM).  The analysis of each sample 
was segregated into three size fractions (< 500 nm, 500-2000 nm, > 2000 nm).   
 For Sample 1 the first phase involved surveying ten grid openings at a magnification of 
1300X to count and measure agglomerations of ENPs measuring greater than ~2000 nm in 
average diameter.  The second phase involved scanning four grid openings at 20,000X to count 
and measure agglomerated ENPs between ~ 500 and 2,000 nm.  The third phase involved 
scanning 20 randomly selected fields at 100,000X magnification to count and measure ENPs 
between 10 and 500 nm.  
 RJ Lee Group Inc. changed their analysis protocol, which affected Sample 2 and Sample 
3 as follows: the first component of the analysis involved surveying ten grid openings at a 
magnification of 1500X.  This low magnification scan was performed to document 
agglomerations of structures of interest measuring greater than ~5 µm in average diameter. The 
second magnification involves scanning four grid openings at 20,000X in order to count and 
measure agglomerated or individual structures of interest between approximately 0.1 and 5 µm. 
Finally, structures of interest measuring between approximately 10 and 100 nanometers (nm) 
were counted and measured in 40 randomly selected areas at a magnification of 70,000X.   
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 Particles consistent with the source material based on morphology and EDS were counted 
for a defined area on the sample.  The dimensions of each structure were recorded and 
representative images along with elemental spectra were documented.  
 
2.5.3 Calculation for estimated LOD for ENP particle concentration in air  
Estimated particle concentrations in air were calculated for samples in which at least one particle 
was observed per sample analyzed.  I define the LOD as a particle concentration in air that would 
produce an expected count of one ENP given the filter area examined.   

 

    LOD for the ENP concentration in air  = 
( )3cm Sampled VolumeAir 

Filteron  Scanned Fields #

Filteron  Fields # Total
 particle) 1( !

 

 
For example, if 4 out of 100 possible fields are examined, and the air volume drawn through the 
filter was 286.2 L (286,200 cm3), the LOD is:  
 

                                   LOD  =  
3cm  286,200
4

100
 particle) 1( !

  =  8.735 × 10−5  pt/cm3   

 
2.6 Data Collected 
 The combustion synthesis was monitored six times.  Each time, I evaluated two syntheses 
in succession.  For the first monitoring episode on January 13, 2011, only one CPC was 
available; this was placed inside the cleanroom enclosure.  For the CPC data, time is reported 
using a 24-hour clock. Filter-based sampling provides an estimate of the average exposure level 
during the CS activity. For each monitoring event, air was integratively drawn through the filters 
across both syntheses, such that there was one set of filters per monitoring event.  A separate 
filter was not used for each synthesis due to the issues of obtaining sufficient material on the 
filter and analysis cost.  
 
3.0 Results  
 
3.1.0 Sampling Event 1: January 13, 2011 
 
3.1.1 Airborne particle concentrations: CPC_1; Sample 1; Synthesis 1  
 At 10:38-10:41, CPC_1 measured background NSP number concentration in the 
laboratory room in which the operation was conducted (see Figure 9).  The mean particle number 
concentration was 5,700 pt/cm3, the range was 3,930 to 9,280 pt/cm3, and the standard deviation 
was 1,040 pt/cm3 (see Table 1,2).  These background particle concentrations are relatively high, 
because laboratory environments more typically have background particle concentrations in the 
range 1,500-3,000 pt/cm3. 
 After some preparation, the seven-minute synthesis began at 11:35. The CPC_1 was 
moved to inside the clean room enclosure.  Inside the enclosure, background particle number 
concentrations were low and stable at 0-2 pt/cm3 (see Table 1,2).  From 11:35:21-11:36:54 the 
worker exited the enclosure to prepare the solution, measurements ranged 1-1,387pt/cm3 with a 
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mean of 106 pt/cm3 (see Table 1,2).  These high pt/cm3 measurements were due to ambient air 
infiltration when the subject exited and re-entered the cleanroom enclosure.  
 CPC_1 was positioned waist-level when the subject was inside the cleanroom enclosure.  
At 11:36:55, the subject re-entered the enclosure, raised the fume hood sash by about six inches, 
poured the solution into the metal vessel on the hotplate, and then lowered the fume hood sash. 
The range was 70-4,983 pt/cm3 with a mean of 1,070 pt/cm3  (see Table 1,2). At 11:38:31, 
combustion occurred with emission of visible black smoke lasting until 11:41:16.  The range was 
1,306-181,017 pt/cm3 with a mean of 46,328 pt/cm3, and standard deviation of 42,948 pt/cm3 
(see Table 1,2). At 11:41:17-11:42:11, the fume hood sash was raised about 6 inches to harvest 
the ENM by tapping the metal vessel with a spatula to dislodge the nanomaterial (see Figure 10). 
The particle number concentration range was 1-1,699 pt/cm3, with a mean of 202 pt/cm3, and a 
standard deviation of 381 pt/cm3 (see Table 1,2). At 11:42:12 the synthesis tasks were concluded 
and background readings inside the enclosure were 0-39 pt/cm3 (see Table 1,2).  
 

 
 
Figure 9. CPC_1; Sample 1; Synthesis 1. Background particle number concentration (pt/cm3) in 
the laboratory room outside of enclosure. Concentration is expressed as 104 in magnitude.  
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Event 
ID Time  Event 

1 10:38-10:41 
Began logging data for laboratory background readings with 
CPC_1 

2 10:42-11:30 
Subject prepared materials outside the lab setting; data was not 
recorded 

3 11:34:25-11:35:21 Cleanroom enclosure background measurements were recorded 
4 11:35:22-11:36:54 Subject left enclosure to prepare solution 

5 11:36:55-11:38:30 
Subject re-entered enclosure; poured solution into metal vessel 
on hotplate 

6 11:38:31-11:41:16 Combustion occurred with visible black smoke emission 

7 11:41:17-11:42:11 
Fume hood sash was raised 6 inches; harvested ENM; subject 
tapped vessel with spatula to dislodge ENMs 

8 11:42:12-11:44 Concluded tasks; background readings 
 
Table 1. CPC_1; Sample 1; Synthesis 1. Event identifier, time, and brief event description.  
 
 

Event ID Time  
Range 

(pt/cm3 ) 
Mean  

(pt/cm3) 
Stdev 

(pt/cm3) 
1 10:38-10:41 3,939-9,820 5,700 1,040 
2 10:42-11:30 . . . 
3 11:34:25-11:35:21 0-16 3.6 4.5 
4 11:35:22-11:36:54 1-1,387 106 242 
5 11:36:55-11:38:30 70-4,983 1,070 1,322 

6 11:38:31-11:41:16 
1,306- 

181,017 46,328 42,948 
7 11:41:17-11:42:11 2-1,699 202 381 
8 11:42:11-11:44 0-39 2.2 3.8 

 
Table 2. CPC_1; Sample 1; Synthesis 1. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3).  
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Figure 10. CPC_1; Sample 1; Synthesis 1. Particle number concentration (pt/cm3) versus time. 
Concentration is expressed as 105 in magnitude.  
 
3.1.2 Airborne particle detection: CPC_1; Sample 1; Synthesis 2 
 CPC_1  was positioned in the PBZ of the human subject located inside the cleanroom 
enclosure. Because the previous combustion synthesis contaminated portions of the interior fume 
hood surface with black particulate residue, at 11:49:06, the fume hood sash was raised and the 
fume hood surface and instrument surface were cleaned with kimwipes and ethyl alcohol. Table 
4 shows a maximum concentration of 59,334 pt/cm3, a mean of 7,314 pt/cm3, and a standard 
deviation of 5,116 pt/cm3 during this cleaning activity.  The high particle number concentration 
was likely a result of aerosolizing ENPs from the surfaces.  Black particulate residue related to 
the combustion synthesis was observed on the used kimwipes.  
 After the fume hood preparation and cleaning, measurements of 0-2 pt/cm3 were 
achieved with use of the cleanroom enclosure (see Figure 11).  At 11:56:07, the worker poured 
solution into the vessel on the hotplate.  The maximum measurement was 2,500 pt/cm3 and the 
mean was 605 pt/cm3 (see Table 3, 4).  From 11:57-11:59:02, the combustion occurred with 
visible black smoke emission; the range was 358-208,105 pt/cm3, the mean was 99,344 pt/cm3, 
and the standard deviation was 79,155 pt/cm3 (see Table 3,4). From 11:59:02-12:03:18, the fume 
hood sash was raised about six inches to harvest the ENM by tapping the metal vessel with a 
spatula to dislodge and collect the ENM. The particle number concentration range was 0-81,726 
pt/cm3, the mean was 5,433 pt/cm3 and standard deviation of 13,902 pt/cm3 (see Table 3,4).  At 
12:03:19 the synthesis tasks were concluded and background readings inside the enclosure were 
measured at 0-43 pt/cm3 (see Table 3,4). 
 
3.1.3 Airborne particle detection: CPC_2 
 Again, I did not have a second CPC instrument available on January 13, 2011.  
 

Combustion 
Harvested 

Poured Solution 
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Event 
ID Time  Event 
1 11:49:06 Fume hood preparation began 
2 11:56:07 Subject poured solution into metal vessel on hotplate 

3 
11:57:00-
11:59:02 Combustion occurred with sign of black smoke 

4 
11:59:02-
12:03:18 

Fume hood sash was raised 6 in; harvested ENM; subject tapped vessel 
with spatula to dislodge ENM 

5 12:03:19 Concluded tasks; background readings 
 
Table 3. CPC_1; Sample 1; Synthesis 2. Event identifier, time, brief event description.  
 
 

Event ID Time 
Range 

(pt/cm3) 
 Mean 

(pt/cm3) 
Stdev 

(pt/cm3) 
1 11:49:06 0-59,334 7,314 5,116 
2 11:56:07 181-2,500 605 510 
3 11:57:00-11:59:02 358-208,105 99,344 79,155 
4 11:59:02-12:03:18 0-81,726 5,433 13,902 
5 12:03:19-12:04:19 0-43 2.36 7.3 

 
Table 4. CPC_1; Sample 1; Synthesis 2. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3).  
 
 

 
 
Figure 11. CPC_1; Sample 1; Synthesis 1. Particle number concentration (pt/cm3) versus time. 
Concentration is expressed as 105 in magnitude. 
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3.1.4 Microscopy Characterization of Lithium, Nickel, Cobalt, and Manganese Source 
Nanoparticles 
 
Analysis of Air Samples for Nanoparticles 
 Three air samples collected on PC filters were submitted along with a laboratory blank 
and two bulk source materials identified as Bulk Sample and Final Product. The Bulk and Final 
Product source samples were described by LBNL to contain lithium, nickel, cobalt, and 
manganese (Li, Ni, Co, Mn) NPs. High resolution electron microscopy techniques were used to 
analyze the samples to provide information on the physical and chemical characteristics of the 
source material and the NPs on the filters. 
 
Analysis Results 
 
Bulk Sample: Li, Ni, Co, Mn nanoparticles 
 The bulk source material was comprised of agglomerated NSPs. The size of the 
agglomerates was typically on the order of micrometers. The primary particles were rounded, 
often spherical and averaged 5-10 nm in diameter. EDS analysis of the particles showed that the 
particles were composed of nickel (Ni) and manganese (Mn). Bright-field STEM images of the 
Ni/Mn-rich particles are shown in Figure 12. An EDS elemental spectrum of the Ni/Mn-rich 
particles is shown in Figure 13. 
 

 
 
Figure 12. BF‐STEM images acquired at 110,000X and 450,000X of the bulk source sample of 
nanoparticles. 
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Figure 13. EDS elemental spectrum of the Ni/Mn-rich nanoparticles; (copper X-rays are 
fluoresced from the TEM grid and aluminum is from the STEM holder). 
 
Sample 1: PBZ 
 No particles of interest were detected by the 1300X, 20,000X or 100,000X analysis. 
Although the CPC measured presumably ENPs in the PBZ, there is no obvious explanation for 
not detecting ENPs of interest on the filter sample.   
 
Sample 2: Inside Fume Hood 
 The filter from inside the fume hood was heavily loaded with agglomerated source 
material. Due to the heavy loading (~ 25% coverage of the filter), individual source structures 
could not be reliably counted to determine the particle concentration. The STEM images 
illustrate that the individual source structures overlapped and were indistinguishable from each 
other (see Figure 14). The size of the agglomerates ranged from several hundred nanometers to 
approximately 30 micrometers (see Figure 14). The primary particles were rounded, often 
spherical and averaged 5-10 nm in diameter (see Figure 15). The EDS spectrum of the NM 
indicates that the particles were composed of Ni and Mn (see Figure 16). 
 

 
 
Figure 14. BF‐STEM images acquired at 1kX and 20,000X showing the heavy loading and large 
agglomerations of nanomaterial on the filter collected inside the lab hood. 
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Figure 15. BF‐STEM images acquired at 100,000X showing agglomerations of nanomaterial on 
the filter collected inside the lab hood. 
 

 
 
Figure 16. BF‐STEM image acquired at 100kX showing agglomerations of nanomaterial and the 
corresponding EDS spectrum showing Ni and Mn; (copper X‐rays are fluoresced from the TEM 
grid and aluminum is from the STEM holder). 
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Sample 3: Outside Enclosure 
 An agglomerate of Ni/Mn-rich NPs was detected in the 20,000X analysis (see Figure 17). 
The estimated LOD air concentration is 8.735 x 10-5 pt/cm3. 
 

 
 
Figure 17. TEM image and corresponding EDS spectrum of the Ni/Mn‐rich agglomerate 
detected during the 20,000X analysis of the outside enclosure sample; (copper X‐rays are 
fluoresced from the TEM grid). 
 
Sample 4: Blank 
 No particles of interest were detected during the 1300X, 20,000X or 100,000X analysis. 
RJ Lee Group used one structure per area analyzed as the LOD. The LOD is as follows: 1300X 
(10 grid openings) = 0.091 mm2, 20,000X (4 grid openings) = 0.0364 mm2, and 100,000X (20 
fields at 100,000X) = 2.26 E-5 mm2.  
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3.2.0 Sampling Event 2: November 8, 2011 
 
3.2.1 Airborne particle detection: CPC_1; Sample 2; Synthesis 1 
 The CPC_1 was operated inside the cleanroom enclosure but outside of the fume hood. 
Background readings inside the cleanroom enclosure were 0-2 pt/cm3 (see Table 5,6).  When the 
participants entered and exited the enclosure, pt/cm3 readings measured between 0-220 pt/cm3 
(see Table 5,6); the peaks were similar in magnitude (see Figure 18).  The increase in 
background NSPs into the cleanroom enclosure was likely due to person re-entry.  The HEPA 
system effectively decreased the spike in airborne particle concentration to background levels of 
0-2 pt/cm3 within 15 seconds of the perturbation (see Figure 18).  
 The sash of the fume hood was raised about six inches to allow the worker to pour the 
solution containing the ENPs into a metal vessel positioned atop the hotplate.  The sash then was 
returned to the closed position. After one minute and 46 seconds of heating the solution, black 
smoke emissions marked the combustion event (see Figure 18, 19).  The CPC_1 positioned in 
the PBZ of the subject did not measure any particle number concentrations above background 
cleanroom enclosure levels of 0-2 pt/cm3 (see Table 5,6). Then, the fume hood sash was raised 
approximately six inches to allow for the subject to remove the metal vessel from the hotplate.  
The exterior surface of the metal vessel was tapped rigorously with a metal spatula. The tapping 
liberated the material from the vessel walls.  Black particulate ENM was then transferred via 
metal spatula to a plastic collection dish.  
 Throughout the harvesting of the ENM, CPC_1 was either positioned within the subject’s 
PBZ or at the subject's waist (at sash opening level).  The CPC_1 measured background levels 0-
2 pt/cm3 in PBZ of the subject.  However, at waist-level, CPC_1 measured particle 
concentrations as high as 618 pt/cm3  (during harvest). The initial spike of 618 pt/cm3 occurred 
within one second from a base of 6 pt/cm3. Another second later, the concentration dramatically 
decreased to 165 pt/cm3. Within four seconds, the decrease continued until another peak of 435 
pt/cm3 followed a decrease of 74 pt/cm3. The next major peak was 508 pt/cm3 followed by a 
decrease to 2 pt/cm3 only 3 seconds later.  During the harvesting of ENM, the range was 0-618 
pt/cm3 and the average was 23 pt/cm3 (see Table 5,6).  At 10:57:10 the tasks were concluded; 
CPC_1 measured background levels at 0-2pt/cm3 (see Table 5,6).  
 

Event ID 
 
Time  Event 

1 10:36:39 Began logging data for CPC_1 

2 10:40:10-10:40:49  
Door to enclosure opened for entry of 3 persons; hotplate 
turned on; closed sash 

3 10:42:07-10:46:01 Persons left and then re-entered enclosure; hotplate heated up 
4 10:47:13 Subject left enclosure to prepare solution  

5 10:49:45-10:50:24  
Subject re-entered enclosure and then poured solution into 
metal vessel on hotplate 

6 10:52:04 Combustion occurred with visible black smoke emission 

7 10:53:49 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

8 10:57:10 Concluded tasks 
 
Table 5. CPC_1; Sample 2; Synthesis 1. Event identifier, time, and brief event description. 
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Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 10:36:39 0-2 0.14 0.36 

2 
10:40:10-
10:40:49  1-126 14 22 

3 
10:42:07-
10:46:01 1-220 51 47 

4 10:47:13 0-2 0.17 0.44 

5 
10:49:45-
10:50:24  3-78 28 20 

6 
10:52:04-
10:52:48 0-3 0.46 .73 

7 10:53:49 0-618 23 73 
8 10:57:10 0-2 0.26 0.45 

 
Table 6. CPC_1; Sample 2; Synthesis 1. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3).  
 
 

 
 
Figure 18. CPC_1; Sample 2; Synthesis 1. Particle number concentration (pt/cm3) versus time.  
All events (1-8) are depicted. Concentration is represented as 103 in magnitude.  

Re-entry Re-entry 

Harvest 
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Figure 19. CPC_1; Sample 2; Synthesis 1. Particle number concentration versus time (pt/cm3).  
Zoomed-in version allowing for greater depiction of particle concentration variation for the 
events combustion and harvest of ENM. Concentration is represented as 103 in magnitude 
 
3.2.2 Airborne particle detection: CPC_2; Sample 2; Synthesis 1  
 CPC_2 was operated inside the laboratory fume hood positioned about 1.5 feet in width 
and height from the source release point. The data-logging began at 10:35:08 with background 
levels at 0-3 pt/cm3 (see Table 7,8). The particle number concentration increased when the door 
to the cleanroom enclosure opened for the entry of three persons.  CPC_2 registered this increase 
because the fume hood sash was raised about six inches, which allowed for the infiltration of 
NSP-contaminated air into the fume hood.  From 10:41:14-10:46:33 the hotplate was powered 
on, the fume hood sash was closed, and the subject exited the enclosure.  As the hotplate's 
temperature increased, particle number concentration increased to a high of 2,939 pt/cm3 with a 
mean of 130 pt/cm3 (see Table 7,8). This particle concentration increase was likely a result of 
incidental nanoparticle release. It could be that the raised temperature increased the kinetic 
energy, which generated incidental NSPs, or aerosolized residual ENPs from previous operations 
conducted in that fume hood.  There was an increase in particle concentration when the solution 
containing the parent material was poured into a metal vessel atop of the hotplate (see Figure 
20). The pt/cm3 was as high as 12,735 pt/cm3 with a mean of 1,938 pt/cm3 and a standard 
deviation of 2,943 pt/cm3 (see Table 7,8). Within two minutes of the temperature increase, the 
combustion occurred with the mark of visible black smoke (see Figure 21,22).  Particle 
concentrations ranged from 4,678- 465,129 pt/cm3 with a mean of 145,581 pt/cm3 and a standard 
deviation of 138,514 pt/cm3 (see Table 7,8). Observable black particulate matter coated the 
CPC_2 instrument and the interior surface area of the fume hood.  The remaining event included 
raising the fume hood sash by 6 inches to tap the metal vessel with a spatula to dislodge the 
ENM.  Readings were 515-77,270 pt/cm3 with a mean of 17,849 pt/cm3 and a standard deviation 
of 17,879 pt/cm3 (see Table 7,8).  At the conclusion of the events, the CPC_2 readings remained 
high (see Figure 23).  
 
 

Combustion 
Harvest 
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Event 
ID Time  Event 
1 10:35:08 Began logging data for CPC_2 

2 
10:39:58-
10:40:51  

Door to enclosure opened for entry of 3 persons; hotplate powered 
on 

3 
10:41:14-
10:46:33 

Hotplate temperature increased; closed sash; persons exited and 
entered enclosure 

4 
10:47:10-
10:49:45  

Subject exited enclosure to prepare solution; hotplate temp 
increased 

5 
10:49:47-
10:51:56  

Subject re-entered enclosure and poured soln into metal vessel on 
hotplate 

6 10:51:57 Combustion occurred with sign of black smoke 

7 10:53:49 
Fume hood sash was raised 6 in; harvested material; subject tapped 
vessel with spatula to dislodge ENM 

8 10:57:10 Concluded tasks 
 
Table 7.  CPC_2; Sample 2; Synthesis 1. Event identifier, time, and brief event description. 

 
 

Event 
ID 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 0-3 0.64 0.77 
2 0-124 15 30 
3 0-67 12 13 
4 0-2,939 130 355 
5 2-12,735 1,938 2,943 

6 
4,678-
465,129 145,581 138,514 

7 
515-
77,270 17,849 17,879 

8 . . . 
 
Table 8. CPC_2; Sample 2; Synthesis 1. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3).  
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Figure 20. CPC_2; Sample 2; Synthesis 1.  Subject entered enclosure and poured solution into 
the metal vessel on the hotplate. Maximum pt/cm3 = 12,735. Concentration is represented as 104 
in magnitude. 
 
 
 

 
 
Figure 21. CPC_2; Sample 2; Synthesis 1. Particle number concentration (pt/cm3) versus time.  
All events (1-8) are depicted. Concentration is represented as 106 in magnitude. 
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Figure 22. CPC_2; Sample 2; Synthesis 1. Particle number concentration (pt/cm3) versus time. 
Depiction of combustion beginning at 10:51:57. Maximum pt/cm3 = 465,129. Concentration is 
represented as 106 in magnitude. 
 
 
 

 
 
Figure 23. CPC_2; Sample 2; Synthesis 1.  Decline of ENPs from the combustion synthesis and 
then particle concentration increase around 10:56 (Event 8). Concentration is represented as 105 
in magnitude. 
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3.2.3 Airborne particle detection: CPC_1; Sample 2; Synthesis 2: 
 CPC_1  was positioned in the PBZ of the human subject located inside the cleanroom 
enclosure. Background readings inside the cleanroom enclosure were 0-2 pt/cm3 (see Figure 24).  
At 11:01:38, the fume hood sash was raised about six inches for the subject to pour the solution 
into a metal vessel positioned atop the hotplate. Particle number concentration measurements in 
the PBZ were as high as 43 pt/cm3 (see Table 9,10).  At 11:04:01 the combustion occurred with 
the fume hood sash closed; measurements were as high as 6 pt/cm3 (see Table 9,10).  From 
11:06:01-11:08, the fume hood sash was raised six inches for the subject to harvest ENM by 
tapping the vessel with a metal spatula to dislodge ENM.  ENM was transferred via spatula to a 
plastic collection dish.  Measurements were as high as 489 pt/cm3 with a mean of 13 pt/cm3 (see 
Table 9,10). The synthesis was concluded at 11:08:01.  
 

Event 
ID Time  Event 

1 11:00 Began logging data for CPC_1 

2 11:01:38-11:04 
Subject re-entered enclosure and then poured solution into 
metal vessel on hotplate 

3 11:04:01-11:06 Combustion occurred with sign of black smoke 

4 11:06:01-11:08 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

5 11:08:01 Concluded tasks 
 
Table 9. CPC_1; Sample 2; Synthesis 2. Event identifier, time, and brief event description. 
 
 

Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 11:00 0-2 0 0.32 
2 11:01:38-11:04 0-43 6 9.5 
3 11:04:01-11:06 0-6 1 1.1 
4 11:06:01-11:08 0-489 13 55 
5 11:08:01  . . . 

 
Table 10. CPC_1; Sample 2; Synthesis 2. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3). 
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Figure 24. CPC_1; Sample 2; Synthesis 2. Particle number concentration (pt/cm3) versus time. 
Concentration is represented as 103 in magnitude.  
 
 
3.2.4 Airborne particle detection: CPC_2; Sample 2; Synthesis 2 
 CPC_2 was operated inside the laboratory fume hood positioned about 1.5 feet in width 
and height from the source release point.  Figure 25 shows the particle number concentration 
versus time for the entire synthesis.  At 11:01:38, the fume hood sash was raised about six inches 
for the subject to pour the solution into a metal vessel positioned atop the hotplate.  In the fume 
hood the concentration range was 1,213-356,150 pt/cm3 with a mean of 40,324 pt/cm3 (see Table 
11,12). At 11:04 the combustion occurred with the fume hood sash closed; measurements ranged 
from 15,796-324,432 pt/cm3 (see Table 11,12). From 11:06-11:08, the fume hood sash was 
raised 6 inches for the subject to harvest ENM by tapping the vessel with a metal spatula to 
dislodge ENM.  The ENM was transferred via spatula to a plastic collection dish.  Measurements 
ranged from 1,289-197,794 pt/cm3 (see Table 11,12). The synthesis was concluded at 11:08.  
 

Event 
ID Time  Event 

1 11:01:38-11:04 Poured solution into metal vessel on hotplate 
2 11:04-11:06 Combustion occurred with sign of black smoke 

3 11:06-11:08 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

4 11:08 Concluded tasks 
 
Table 11.  CPC_2; Sample 2; Synthesis 2. Event identifier, time, and brief event description. 
 
 

Harvested 
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Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 11:01:38-11:04 
1,213-
356,150 40,324 92,918 

2 11:04:01-11:06 
15,796-
324,432 83,650 87,210 

3 11:06:01-11:08 
1,289-
197,794 45,506 40,969 

4 11:08:01  . . . 
 
Table 12. CPC_2; Sample 2; Synthesis 2. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3).  
 
 

 
 
Figure 25.  CPC_2; Sample 2; Synthesis 2. Particle number concentration (pt/cm3) versus time. 
Concentration is represented as 106 in magnitude. 
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3.2.5 Microscopy Characterization of Lithium, Nickel, Cobalt, and Manganese Source 
Nanoparticle 
 
Sample 1: Inside Hood  
 The sample was overloaded with metal oxide particles and therefore the 1500X, 20,000X, 
and 70kX analyses were not performed. Representative images and an EDS spectrum are shown 
in Figure 26. Based on the EDS spectrum, the source particles are Mn/Ni‐rich (see Figure 27). 
 
Sample 2: PBZ  
 One cluster of Fe‐rich NSPs was observed during the 20,000X analysis, as shown in 
Figure 28. The estimated LOD air concentration is 3.77 x 10-4 pt/cm3. 
 

 
 
Figure 26. Representative secondary electron images (top) of the metal oxide particles from 
Inside Hood Sample.   
 
 

 
 
Figure 27. The EDS spectrum shows the particles are Mn/Ni‐rich. 
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Figure 28. Secondary electron image (top) and EDS spectrum (bottom) of the cluster of Fe‐rich 
particles identified on PBZ Sample during the 20,000X analysis. 
 
 
3.3.0 Airborne particle detection: CPC_1; Sample 3; Synthesis 1 
 CPC_1  was positioned in the PBZ of the human subject located inside the cleanroom 
enclosure.  From 13:29-13:32, background measurements of the laboratory air were taken with 
CPC_1 (see Figure 29, Table 13,14). Particle number concentrations were as high as 6,522 
pt/cm3 with a mean of 4,363 pt/cm3.  At 13:32:33 measurements were taken inside the cleanroom 
enclosure; pt/cm3 decreased to 0-2 within 26 seconds (see Figure 30). At 13:32:33 the subject re-
entered the enclosure; measurements were as high as 228 pt/cm3 (see Table 13,14).  At 13:33:57 
background levels of 0-2 pt/cm3 were achieved.  At 13:33:57 the fume hood sash was raised 
about 6 inches for the subject to pour the solution into a metal vessel positioned atop the 
hotplate.  Particle number concentration measurements in the PBZ were as high as 63 pt/cm3 (see 
Table 13,14). At 13:35:52-13:37:14 the combustion occurred with the fume hood sash closed; 
measurements were as high as 24 pt/cm3 (see Table 13,14). At 13:37:57 background levels in the 
enclosure were 0-2 pt/cm3. At 13:37:14, the fume hood sash was raised 6 inches for the subject 
to harvest ENM by tapping the vessel with a metal spatula to dislodge ENM (see Figure 31). 
ENM was transferred via spatula to a plastic collection dish.  Measurements in the PBZ were as 
high as 22 pt/cm3 with a mean of 1.6 pt/cm3 (see Table 13,14). At 13:43 the tasks were 
concluded.  
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Event 
ID Time  Event 

1 13:29-13:32 
Began logging data for CPC_1; laboratory background 
measurements 

2 13:32:33-13:33:57 
Enclosure background measurements; Subject re-entered 
enclosure  

3 13:33:57-13:35:52 Poured solution into metal vessel on hotplate 
4 13:35:52-13:37:14 Combustion occurred with sign of black smoke 

5 13:37:14 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

6 13:43 Concluded tasks 
 
Table 13. CPC_1; Sample 3; Synthesis 1. Event identifier, time, and brief event description. 
 
 
 

Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 13:29-13:32 0-6,522 4,363 1,239 

2 
13:32:33-
13:33:57 1-228 27 32 

3 
13:33:57-
13:35:52 0-63 7 10 

4 
13:35:52-
13:37:14 0-24 2.4 4 

5 13:37:14 0-22 1.6 2.4 
6 13:43 . . . 

 
Table 14. CPC_1; Sample 3; Synthesis 1. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3).   
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Figure 29. CPC_1; Sample 3; Synthesis 1. Demonstrates particle number concentration (pt/cm3) 
versus time. Laboratory background measurements at 13:29-13:32. At 13:32:33, measurements 
were taken inside the cleanroom enclosure. Concentration is represented as 104 in magnitude.  
 
 
 

 
 
Figure 30. CPC_1; Sample 3; Synthesis 1. Particle number concentration (pt/cm3) versus time.  
Depicts peaks corresponding to the events: re-entry, poured solution, and combustion. 
Concentration is represented as 103 in magnitude.  
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Figure 31. CPC_1; Sample 3; Synthesis 1. Particle number concentration (pt/cm3) versus time. 
Depicts peaks corresponding to the events: poured solution, combustion, and harvest.  
 
3.3.1 Airborne particle detection: CPC_2; Sample 3; Synthesis 1 
 CPC_2 was operated inside the laboratory fume hood positioned about 1.5 feet in width 
and height from the source release point.  From 13:29-13:32, fume hood background 
measurements ranged from 0-8 pt/cm3 (see Figure 32, Table 15,16). At 13:32:33 the subject re-
entered the enclosure; measurements were as high as 39 pt/cm3 (see Table 15,16).  At 13:33:58 
the fume hood sash was raised about six inches for the subject to pour the solution into a metal 
vessel positioned atop the hotplate.  Particle number concentration measurements were as high as 
304,801 pt/cm3 with a mean of 107,108 pt/cm3 (see Table 15,16).  At 13:35:53-13:37:14 the 
combustion occurred with the fume hood sash closed; measurements ranged from 8,855-262,233 
pt/cm3 (see Figure 32, Table 15,16).  At 13:37:15, the fume hood sash was raised 6  for the 
subject to harvest ENM by tapping the vessel with a metal spatula to dislodge ENM.  ENM was 
transferred via spatula to a plastic collection dish.  Measurements ranged from 63-379,051 
pt/cm3 with a mean of 62,978 pt/cm3 (see Figure 32, Table 15,16). At 13:43 the tasks were 
concluded.  
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Figure 32. CPC_2; Sample 3; Synthesis 1. Particle number concentration (pt/cm3) versus time.   
All events of the sampling are depicted. Concentration is expressed as 106 in magnitude. 
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Event 
ID Time  Event 

1 13:29-13:32 
Began logging data for CPC_2; fume hood background 
measurements 

2 13:32:33-13:33:57 
Enclosure background measurements; Subject re-entered 
enclosure  

3 13:33:58-13:35:52 Poured solution into metal vessel on hotplate 
4 13:35:53-13:37:14 Combustion occurred with sign of black smoke 

5 13:37:15 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

6 13:43 Concluded tasks 
 
Table 15. CPC_2; Sample 3; Synthesis 1. Event identifier, time, brief event description.  
 
 

Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 13:29-13:32 0-8 1 1.5 
2 13:32:33-13:33:57 0-39 9 8 
3 13:33:58-13:35:52 2-304,801 107,108 100,626 
4 13:35:53-13:37:14 11,379-304,801 101,316 73,034 
5 13:37:15 8,855-262,233 62,516 103,415 
6 13:43 . . . 

 
Table 16.  CPC_2; Sample 3; Synthesis 1. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3). 
 
3.3.2 Airborne particle detection: CPC_1; Sample 3; Synthesis 2 
 CPC_1 was operated inside the cleanroom enclosure, outside of the fume hood.  At 13:44 
the fume hood sash was raised about 6 inches for the subject to pour the solution into a metal 
vessel positioned atop the hotplate.  Particle number concentration measurements in the PBZ 
were as high as ten pt/cm3 (see Table 17, 18). At 13:45:54 the combustion occurred with the 
fume hood sash closed; measurements were as high as 26 pt/cm3 (see Table 17,18) measured at 
waist level.  At 13:46:31, the fume hood sash was raised six inches for the subject to harvest 
ENM by tapping the vessel with a metal spatula to dislodge ENM.  ENM was transferred via 
spatula to a plastic collection dish.  Measurements in the PBZ were as high as 8 pt/cm3 (see 
Table 17,18).  From 13:50:59-13:53, the fume hood was cleaned by wiping the interior surface 
with kimwipes and ethyl alcohol. Contamination of kimwipes with black particles was observed.  
Particle number concentration was as high as 20 pt/cm3 with a mean of 4.3 pt/cm3 (see Figure 33, 
Table 17,18).  
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Figure 33.  CPC_1; Sample 3; Synthesis 2. Particle number concentration (pt/cm3) versus time.  
 
 

Event 
ID Time  Event 
1 13:44-13:45:53 Poured solution into metal vessel on hotplate 
2 13:45:54 Combustion occurred with sign of black smoke 

3 13:46:31 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

4 13:50:59-13:53 Cleanup with ethyl alcohol and wipes.  
 
Table 17. CPC_1; Sample 3; Synthesis 2. Event identifier, time, brief event description.  
 
 
 
 

Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/c3) 

Stdev 
(pt/cm3) 

1 13:44-13:45:53 0-10 1.3 1.7 
2 13:45:53 0-26 2.4 4.4 
3 13:46:31 0-8 1.3 1.4 
4 13:50:59-13:53 0-20 4.3 4.4 

 
Table 18. CPC_1; Sample 3; Synthesis 2. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3). 
 
 

Combustion 

Cleanup 
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3.3.3 Airborne particle detection: CPC_2; Sample 3; Synthesis 2 
 The CPC_2 was operated inside the laboratory fume hood positioned about 1.5 feet in 
width and height from the source release point.  At 13:44 the fume hood sash was raised about 
six inches for the subject to pour the solution into a metal vessel positioned atop the hotplate.  
Particle number concentration measurements ranged from 250-294,912 pt/cm3 (see Table 19,20). 
At 13:45:54 the combustion occurred with the fume hood sash closed; measurements ranged 
from 53,812-226,000 pt/cm3 with a mean of 159,176 pt/cm3 (see Figure 34, Table 19,20). At 
13:46:31, the fume hood sash was raised six inches for the subject to harvest ENM by tapping 
the vessel with a metal spatula to dislodge ENM.  ENM was transferred via spatula to a plastic 
collection dish.  Measurements ranged from 39-125,065 pt/cm3 (see Table 19,20). From 
13:50:59-13:53, the fume hood was cleaned by wiping the interior surface with kimwipes and 
ethyl alcohol. Particle number concentration ranged from 11-132 pt/cm3 with a mean of 37 
pt/cm3 (see Figure 34, Table 19,20). 
 
 

 
 
Figure 34. CPC_2; Sample 3; Synthesis 2. Particle number concentration (pt/cm3). Concentration 
expressed as 106 in magnitude.   
 
 
 
 
 
 
 
 
 
 

Combustion 
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Event 

ID Time  Event 
1 13:44-13:45:53 Poured solution into metal vessel on hotplate 
2 13:45:54 Combustion occurred with sign of black smoke 

3 13:46:31 
Fume hood sash raised 6 in; harvested ENM; subject tapped 
vessel with spatula to dislodge ENM 

4 13:50:59-13:53 Cleanup with ethyl alcohol and wipes.  
 
Table 19. CPC_2; Sample 3 Synthesis 2. Event identifier, time, and brief event description.  
 
 
 

Event 
ID Time  

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1 13:44-13:45:53 
250- 
294,912 81,457 117,459 

2 13:45:54 
53,812-
226,000 189,176 60,937 

3 13:46:31 
39- 
125,065 12,997 26,055 

4 13:50:59-13:53 11-132 37 21 
 
Table 20. CPC_2; Sample 3; Synthesis 2. Event identifier, time, and summary statistics for 
particle number concentration (pt/cm3). 
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3.3.4 Microscopy Characterization of Lithium, Nickel, Cobalt, and Manganese Source 
Nanoparticle 
 
Sample 1: Inside Hood  
 The sample was overloaded with metal oxide particles and therefore the 1500X, 20,000X, 
and 70,000X analyses were not performed. Representative images and an EDS spectrum are 
shown in Figure 36. Based on the EDS spectrum, the source particles are Mn/Ni‐rich. 
 
Sample 2: PBZ  
 One cluster of Mn/Ni-rich particles was detected during the 20,000 analysis, as shown in 
Figure 37.  No Mn/Ni-rich particles were detected during the 1500X or 70,000X analyses. The 
estimated air concentration is 3.8 x10-4 pt/cm3. 
 

 
 
Figure 35. Representative secondary electron images (top) of the metal oxide particles from 
Inside Hood Sample. 
 

 
 
Figure 36. The EDS spectrum shows the particles are Mn/Ni‐rich. 
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Figure 37. Secondary electron image (top) and EDS spectrum (bottom) of the cluster of 
Mn/Ni‐rich particles identified on PBZ Sample during the 20,000X analysis. 
 
4.0 Discussion 
 
4.1 Entering and exiting enclosure 
 One finding was that entering or exiting the cleanroom enclosure rapidly increased the 
airborne particle number concentration inside the enclosure from a level of 0-2 pt/cm3 to 100-300 
pt/cm3.  The most likely reason was the infiltration of ambient laboratory air.  However, the 
HEPA-filtration system of the cleanroom enclosure reduced the increased concentration to 
background levels of 0-2 pt/cm3 within 30 seconds.  Given this finding, the exact times of entries 
and exits need to be recorded and matched with the real-time measurement series of airborne 
particle concentrations.  Accounting for entries and exits removes a potential positive bias in 
estimating ENP emission and exposure.  An advantage of the cleanroom enclosure is that it 
allows for accurate accounting of such particle concentration changes not related to ENP 
emission. 
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4.2 Fume hood sash position  
 CPC_1 results show that ENPs were detected in the cleanroom enclosure either at waist-
level (Sample 1), or in the PBZ (Sample 2 and 3) during the solution pouring, combustion, and 
harvesting (see Table 23).  During combustion for Sample 1 (Synthesis 1 and Synthesis 2), 
relatively high particle number concentrations were measured in the cleanroom enclosure 
(Synthesis 1 Max=181,000 pt/cm3; Synthesis 2 Max= 105,358 pt/cm3).  These high readings 
occurred while the fume hood sash was approximately 6 inches open.  The CPC_2 located inside 
the fume hood measured a maximum particle concentration of 465,129 pt/cm3 (Sample 1; 
Synthesis 1: Table 22).  With the sash open during combustion, a greater number of ENPs 
escaped into the enclosure. Because high readings were measured for Sample 1 (Synthesis 1 and 
Synthesis 2), the remaining syntheses sustained a closed fume hood sash during the combustion 
event as a preventative measure; however, even with the sash closed, particle number 
concentrations were as high as 26 pt/cm3 in the PBZ (see Table 23).  
 For all Samples, during solution pouring and EMN harvest, the fume hood sash was 
raised about six inches.  Table 23 and Table 25 show that solution pouring and harvest (with sash 
open) measure greater average and maximum values compared to the combustion event with the 
sash closed (Mean: Pouring = 7 pt/cm3; Combustion= 1.3 pt/cm3; Harvest= 7.5 pt/cm3).  The 
highest ENP measurements were observed from CPC_2 located inside the fume hood during the 
combustion synthesis (see Table 21, 22).  Because the highest readings were measured during 
combustion (CPC_2 data), the fume hood sash seems to be an effective engineering control to 
prevent particle escape when it is closed. However, because ENPs were detected in the 
cleanroom enclosure with the sash closed, consideration to additional safety measures is 
warranted.  
   
4.3 ENP agglomeration 
 The data show that particle number concentration can exhibit large variations over short 
time periods.  It has been observed that rapid variation can go from both a higher concentration 
to a lower concentration (generally related to agglomeration), and from a lower concentration to 
a higher concentration (generally related to particle emission).  For example, the CPC_1 data 
(Sample 1; Synthesis 1) show that the combustion event had a maximum of 181,017 pt/cm3 
followed two seconds later by a concentration of 54,625 pt/cm3 (see Figure 10). I hypothesize 
that this decrease could be due in part to particle agglomeration, that is, the formation of 
aggregates of smaller particles.  This hypothesis is supported by (Plitzko S. 2009), who reported 
that NSPs readily agglomerated which, in turn, decreased the number concentration.  Plitzko S. 
2009, did not report time specifics in terms of how rapid the agglomeration process was.  Also, if 
the particle size diameter is above 1,000 nm, the CPC is unable to detect the particle based on the 
inherent size range limitation of the CPC instrument (described in Chapter 1). Another possible 
explanation is that the ENPs are moving in a heated air plume subject to turbulence.  The CPC is 
in a fixed position.  Movement of the plume can substantially alter the concentration at the CPC 
inlet. For future studies, the best evidence for rapid agglomeration would be size fractionated 
measurements showing that in a short time period, the counts increased in the large particle size 
bins and decreased in the small particle size bins.    
 
4.4 ENP gravitational settling and deposition  
 Much of the particle settling is believed to occur because particle agglomeration leads to 
larger particles with a settling velocity as compared to larger sized particles.  Additionally, these 
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small particles can also deposit onto vertical and upper horizontal surfaces as well as laboratory 
materials (located in the fume hood) due to electrostatic forces. Black particulate residue has 
been visually observed in the fume hood and found on kimwipes during the fume hood cleanup 
(see Figure 7).  Lastly, inhalation and dermal exposure are concerns if ENPs remain suspended 
in the fume hood, or if particles attach to clothing, gloves, and equipment.   
 Further research is needed to assess the time needed for ENPs to settle in the space and 
what concentration of ENPs can be found on the interior surface of the fume hood and 
equipment. In order to evaluate particle deposition, a facility may collect particles deposited 
upon a witness plate. A witness plate is a flat, particle-free object. Several witness plates are 
placed throughout the cleanroom, and the plates are left to gather particle deposition. After a set 
period of time, the witness plates are analyzed for the count the particles deposited. Counting 
witness plate particles usually requires optical microscopy or surface analysis particle counters.  
 Understanding ENP deposition is relevant if successive syntheses are to be performed 
shortly after the initial synthesis due to potential risk of exposure from resuspended ENPs or 
contaminated surfaces.  Furthermore, because the synthesis is performed in a fume hood, even if 
no particles deposit, their airborne concentration inside the hood should rapidly decrease due to 
the airflow out of the hood.  The air supplied to the six foot fume hood was 900 CFM. The 
cleanroom enclosure is 6x7x4 ft, for a volume of 168 cf. Thus the air exchange rate on a six foot 
hood was about 5.4 air changes per minute.   
 
4.5 Particle number concentration for CPC_2 (located within the fume hood) 
 Events specifically related to the synthesis include solution pouring, combustion, and 
ENM harvesting.  Across Samples 2 and 3, particle number concentrations during solution 
pouring showed a mean value of 55,023 pt/cm3 and ranged from 2 to 356,150 pt/cm3 (see Table 
21).  Two of the four samples showed maximum concentrations of 294,912 and 356,150 pt/cm3, 
whereas the remaining two showed substantially lower maximum values of 12,735 and 19,141 
pt/cm3 (see Table 21).  For Sample 2 (Synthesis 1), when the hotplate was powered on and the 
fume hood sash was closed, it was observed that the hotplate's temperature increased followed by 
an increase in particle number concentration to 2,939 pt/cm3 with a mean of 130 pt/cm3 (see 
Table 7,8).   
 Across Samples 2 and 3, particle number concentrations during combustion showed a 
mean value of 115,602 pt/cm3 and ranged from 4,678 to 465,129 pt/cm3 (see Table 21).  The 
maximum of 465,129 pt/cm3 was the highest particle concentration measurement recorded in this 
dissertation research.  For all the combustion events, I observed plumes of black particles which 
corresponded in time with the highest particle measurements. To my knowledge, there are no 
published studies that have shown such high particle number concentrations due to an ENP 
synthesis.   
 Across Samples 2 and 3, particle number concentrations during ENM harvesting showed 
a mean value of 36,708 pt/cm3 and ranged from 39 to 379,051 pt/cm3 (see Table 21).  During 
harvesting, the fume hood sash was raised 6 inches to manipulate the ENM.  Given the 
circumstance that ENP emission was substantial while the sash was partly raised, the harvesting 
step poses the greatest potential for inhalation exposure to ENPs.  Figure 7 is a photograph which 
shows large aggregates of ENPs deposited on the kimwipes from the EMN harvest event.  
Particle number concentrations for the cleanup step measured from 11 to 132 pt/cm3.   
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Sample ID Poured solution Combustion EMN Harvest 
Sample 2; 

Synthesis 1 
(2-12,735) 

1,938 
(4,678-465,129) 

145,581 
(515-77,270)  

17,849 
Sample 2; 

Synthesis 2 
(1,213-356,150) 

40,324 
(15,796-324,432) 

83,650 
(1,289-197,794) 

45,506 
Sample 3; 

Synthesis 1 
(2-304,801)  

107,108 
(11,379-304,801) 

101,316 
(8,855-262,233) 

62,516 
Sample 3; 

Synthesis 2 
(250-294,912)  

81,457 
(53,812-226,000) 

189,176 
(39-125,065) 

12,997 
 
Table 21. CPC_2 for all 4 samples. Sample ID; Tasks: Poured solution; Combustion; and 
Harvest. Particle number concentration (pt/cm3) range is featured in parenthesis followed by the 
mean.  
 
4.5.1 Statistical Analysis 
 The ANOVA procedure was performed to test the hypothesis that the mean particle 
number concentrations were the same across the three steps (solution pouring, combustion, 
harvest).  Statistical significance was evaluated at the 95% confidence level.  Table 22 provides a 
summary of the one-way ANOVA results for the CPC_2 Samples. ANOVA showed that the 
mean particle number concentrations were not equal across the three steps (p <0.05). The mean 
particle number concentrations were greatest during the combustion (115,602 pt/cm3) than 
during other steps: pouring (55,023 pt/cm3), and harvesting (36,708 pt/cm3).   
 
 

Groups Count Sum Average Variance 
Pouring 502 27621739 55,023 9.4 E+9 
Combustion 353 40807375 115,602 1.1 E+10 
Harvesting 935 34322027 36,708 4.9 E+9 

 
Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 1.6 E+12 2 8 E+11 107.5 8.2 E-45 3.0 
Within Groups 1.3 E+13 1787 7 E+9    
       
Total 1.5 E+13 1789         

 
Table 22. One-way ANOVA results for CPC_2; Sample 2 and 3 (All syntheses).  
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4.6 Particle number concentrations for CPC_1 (located outside the fume hood) 
 Steps in the synthesis include pouring of the solution, combustion, and ENM harvesting.  
During Sample 1, the CPC_1 was positioned at the worker’s waistline adjacent to the bottom of 
the fume hood sash, which was in the closed position.  Despite the sash closure during the 
combustion step, Sample 1 (Synthesis 1 and Synthesis 2) showed particle concentrations with a 
mean value of 66,892 pt/cm3 and a maximum of 208,105 pt/cm3 (see Table 23).  In contrast, the 
CPC_1 was positioned in the worker’s PBZ for Samples 2 and 3.  During the combustion step for 
these samples, PBZ particle concentrations showed a mean value of 1.33 pt/cm3 and a maximum 
of 26 pt/cm3 (see Table 23). This substantial difference suggests that although large numbers of 
ENPs can escape the fume hood even with the sash closed, relatively few can migrate into the 
PBZ and/or the air exchange rate within the enclosure of 5.4 air changes per minute was 
sufficient to rapidly remove these ENPs from the PBZ.  
 For Samples 2 and 3, the ENM harvest step showed the highest PBZ particle 
concentrations (average = 7.5 pt/cm3, maximum = 618 pt/cm3), the pouring step showed the next 
highest concentrations (average = 7 pt/cm3, maximum = 78 pt/cm3), and the combustion step 
showed the lowest concentrations (average = 1.33 pt/cm3, maximum = 26 pt/cm3).   
 

Sample ID Poured solution Combustion EMN Harvest 
Sample 1; 

Synthesis 1 (70-4,983); 1,070 (1,306-181,017); 46,328 (2-1,699); 202 
Sample 1; 

Synthesis 2 (181-2,500); 605 (358-208,105); 99,344 (0-81,726); 5,433 
Sample 2; 

Synthesis 1 (3-78); 28 (0-3); 0.64 (0-618); 23 
Sample 2; 

Synthesis 2 (0-43); 6 (0-6); 1 (0-489); 13 
Sample 3; 

Synthesis 1 (0-63); 7 (0-24); 1.5 (0-22); 1.6 
Sample 3; 

Synthesis 2 (0-10); 1.3 (0-26); 2.4 (0-8); 1.6 
 
Table 23.  CPC_1 for all 6 samples. Sample ID; Tasks: Poured solution; Combustion; and 
Harvest. Particle number concentration (pt/cm3) range is featured in parenthesis followed by the 
mean.  
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4.6.1 Statistical Analysis 
 The ANOVA procedure was performed to test the hypothesis that the mean particle 
number concentrations were the same across the three steps (solution pouring, combustion, 
harvest).  Statistical significance was evaluated at the 95% confidence level.  Table 24 provides a 
summary of the one-way ANOVA results for CPC_1 Sample 1 (Synthesis 1 and Synthesis 2).  
ANOVA showed that the mean particle number concentrations were not equal across the three 
steps (p <0.05).  The mean particle number concentrations were greatest during the combustion 
(68,892 pt/cm3) than during other steps: harvesting (4,508 pt/cm3), and pouring (895 pt/cm3).  
Table 25 provides a summary of the one-way ANOVA results for CPC_1 Sample 2 and Sample 
3 (all syntheses).  ANOVA showed that the mean particle number concentrations were not equal 
across the three steps (p <0.05).  The mean particle number concentrations were greatest during 
the harvesting (7.5 pt/cm3) than during other steps: pouring (7 pt/cm3), and combustion (1.3 
pt/cm3). 
 

Groups Count Sum Average Variance 
Pouring 150 134247 895 1236331 
Combustion 289 19909658 68,892 4400397082 
Harvesting 311 1402106 4,508 163008242.6 

 
Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 7.6 E+11 2 3.8 E+11 216.7 5.9 E-75 3.0 
Within Groups 1.3 E+12 747 1764432568    
       
Total 2.1 E+12 749         

 
Table 24. One-way ANOVA results for CPC_1; Sample 1 (Synthesis 1 and Synthesis 2).  

 
 

Groups Count Sum Average Variance 
Pouring 411 2891 7 158 
Combustion 347 463 1.3 7.1 
Harvesting 936 7023 7.5 1612 

 
Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 10081 2 5040.7 5.4 0.0045 3.0 
Within Groups 1574265 1691 930.9    
       
Total 1584346 1693         

 
Table 25. One-way ANOVA results for CPC_1; Sample 2 and 3 (All syntheses).  
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4.7 Particle number concentration variability for CPCs 
 Variability in particle number concentration was demonstrated for both CPC_ 1 and 
CPC_2 data.  For CPC_1 Sample 1 (Synthesis 1 and Synthesis 2), the highest particle number 
concentrations were recorded for the entire monitoring series.  Unlike Sample 1 monitoring, for 
Sample 2 and Sample 3, the fume hood sash remained closed for the combustion synthesis as a 
preventative measure.  After learning about the high particle number concentrations detected 
during Sample 1, for Sample 2, the technician claimed to have executed the experiment more 
cautiously.  These changes in procedure may account for some of the variability in particle 
number concentration.  Furthermore, two technicians were employed as follows: Technician #1 
was employed for Sample 1 and Sample 2; and Technician #2 was employed for Sample 3. Each 
technician's technique in handling the nanomaterial could differentially affect the ability of ENPs 
to become airborne.  An implication of this finding is that monitoring needs to account for 
variability that arises and therefore should be conducted multiple times.   
 
4.8 Trends for filter samples located inside the fume hood 
 All filters located inside the fume hood were heavily loaded with agglomerated source 
material. Due to the heavy loading (~ 25% coverage of the filter), individual source structures 
could not be counted and measured to quantify the particle concentration. The STEM images 
illustrate that the individual source structures overlapped and were indistinguishable from each 
other (see Figures 14).  The size of the agglomerates ranged from several hundred nanometers to 
approximately 30 micrometers (see Figures 14).  The primary particles were rounded, often 
spherical and averaged 5-10 nm in diameter (see Figure 15). The EDS spectrum of the 
nanomaterial indicates that the particles were composed of Ni and Mn (see Figure 16). This 
evidence suggests that source ENPs (which were comprised of Ni and Mn) were able to become 
airborne.  
 
4.9 The PBZ Filter Samples  
 For the Sample 1 (Synthesis 1 and Synthesis 2), no particles of interest were detected 
during the 1300X, 20,000X or 100,000X analysis with respect to the PBZ samples. The 
analysis's LOD for detecting NSPs (10-100nm) is 150.8 structures/cm3. Because high particle 
concentrations were measured in the PBZ with the CPC_1, it seems likely that NSP would be 
observed on the filters; however, no particles of interest were detected.  There is no obvious 
explanation for this finding.  
 For Sample 2 (Synthesis 1and Synthesis 2), no Mn/Ni-rich particles were detected during 
the 1500X, 20,000X, or 70,000X analyses (see Table 14). However, one cluster of Fe-rich NSPs 
was observed during the 20,000X analysis, as shown in Figure 28. The LOD for NSPs (10-
100nm) is 104.7 structures/cc.  For Sample 3 (Synthesis 1and Synthesis 2), one cluster of 
Mn/Ni‐rich particles was detected during the 20,000X analysis, as shown in Figure 37.  The 
estimated concentration is 0.37 structures/cc.  No Mn/Ni‐rich particles were detected during the 
1500X or 70,000X analyses. The LOD for NSPs (10-100nm) is 140 structures/cc.  
 To not observe NSPs with respect to the filter analysis is not unusual based on the LOD 
of the methodology employed. In all of the standard microscopy methods for counting structures 
on filters, a lower limit is established below which a count obtained using the method is 
considered to be practically indistinguishable from background [Fowler DP, 1997].  For 
example, to measure NSPs above background for Sample 1, more than150.8 structures/cm3 are to 
be observed to report a concentration distinguishable from background levels according to the 
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guidelines used by RJ Lee Group Inc. It is possible to increase the sensitivity of the filter analysis 
by examining more fields, thereby achieving a lower LOD; however, cost is a limiting factor.  
Although Sample 1 (Synthesis 1 and Synthesis 2) data present an exception, the remaining 
samples demonstrate that the mean concentration values were well below the LOD value (see 
Table 23).  Therefore, the probability of the filter analysis detecting NSPs based on the number 
of fields examined seems low.  For Samples 2 and 3, the filter analysis detected one cluster of 
Mn/Ni-rich particles in the size range of 100-5000 nm.  For Sample 3, an estimated 
concentration of 0.37 structures/cm3 was detected. Overall, the CPC is more sensitive than the 
filter analysis in measuring NSPs; however the CPC lacks the specificity the filter analysis 
provides. 
 
4.10 Environmental health and safety suggestions 
 For operations in which ENPs are released, engineering controls that offer full 
containment (for example, a glovebox) are preferable to a traditional fume hood.  If a fume hood 
is used, a higher volumetric flow rate into the hood can be used if the work permits.  However, 
higher air speeds within the hood might increase aerosolization of ENPs and lead to loss of 
material.  In addition, high hood face velocity can intensify the turbulent wake effect when the 
worker is at the hood face and cause emission of ENPs from the hood into the worker’s PBZ.  
Although not ideal, sustaining a closed position for the fume hood sash whenever possible does 
offer some protection from inhalation exposure to ENPs.  In addition to enhancements made to 
the fume hood, further protection from inhalation exposure could be provided by proper personal 
respiratory protection.  However, protection from other sources of exposure such as dermal, 
ocular, and ingestion must be considered.  Furthermore, environments in which ENP research is 
conducted should be clearly labeled as an ENP work area.  This information may govern how 
activities are conducted in the work environment such as experiments and cleanup.   
 
5.0 Conclusion 
 Without the use of the cleanroom enclosure, particle release clearly related to the 
synthesis would have been undetectable with direct reading instruments due to high particle 
concentration and variability.  With the cleanroom enclosure, background measurements of 0-2 
pt/cm3 of air were observed inside the enclosure, which in turn, provided for a better signal-to-
noise ratio.  This improvement in sensitivity allowed for the detection of relatively small changes 
in particle number concentration. This further demonstrates the importance of using low 
background techniques if relying upon direct reading instruments.  
 However, for events in which particle number concentration increase above background 
was substantial (for example, the CPC_2 data during combustion), it would be possible to 
roughly discern the fraction of NSPs that are ENPs. If the background airborne NSP 
concentration is stable or low, subtracting the background concentration from the experimental 
concentration is a simple way to determine the airborne ENP concentration. However, this 
subtraction procedure is not reliable where the background ambient NSP concentrations are high 
and/or subject to large variability. 
 The procedures of heating the ENP- precursor solution, combustion, and harvesting emit 
airborne ENPs.  Using a CPC instrument, I measured ENPs in the worker’s PBZ which points to 
inhalation exposure, and also found ENM on fume hood surfaces post-harvesting.  Researchers 
conducting combustion synthesis should wear appropriate personal protective equipment 
(respiratory and dermal) in addition to using engineering controls to minimize ENP 



 77 

aerosolization.  Although I examined processes occurring in a research and development 
laboratory, similar results are possible in other facilities that use similar materials (e.g., complex 
metal-oxide ENPs), similar procedures (e.g., combustion synthesis), and similar exposure 
controls (e.g., a fume hood with a movable sash).  Additional research is needed to corroborate 
the results of this case study. 
 
6.0 References 
 
Singanahally A.T. & Mukasyan A.S. (2008). Combustion synthesis and nanomaterials 
Current Opinion in Solid State and Mat Sci 12:44–50.  
 
Fowler D.P. (1997). Definition of lower limits for airborne particle analyses based on counts and 
recommended reporting conventions. Ann Occup Hyg, Vol 41(1), 203-209.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 78 

Appendix for Chapter 3 
 

 
 
Figure 1. Photograph of the solution being stirred in a glass vessel located outside the fumehood.  
 
 

 
 
Figure 2. Photograph of the solution being transferred to the hotplate located in the fumehood 
housed inside the enclosure.  
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Figure 3. Photograph of a screen placed over the metal vessel atop of the hotplate followed by 
the lowering of the fumehood sash. Zero pt/cm3 is showcased on the screen of CPC_1 
demonstrating the low background in the cleanroom enclosure.  
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Figure 4. Photograph of the reaction producing black smoke, which was released from the vessel 
for about 10-20 seconds.  
 
 

 
 
Figure 5. After the smoke cleared, the sash was raised, then, the vessel was repeatedly tapped 
with a metal spatula and the engineered nanomaterial was transferred to a plastic tray.  
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Figure 6. Photograph of the transferring and accumulation of ENM in the plastic tray. Depiction 
of the CPC located near the emission source.  
 
 

 
 
Figure 7. Photograph of the plastic tray covered and large agglomerates of the engineered 
mamaterial featured on the kimwipes.  
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Figure 8. Photograph of the cleanroom enclosure system affixed to the 6 foot fumehood.   
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Chapter 4: 
 

Monitoring of Engineered Nanoparticle Release from Ultrasonication in a Research and 
Development Laboratory using a Low-Background Portable Glovebox 

 
 

1.0 Introduction 
 The utilization of high-intensity ultrasound is now considered one of the most powerful 
and versatile tools for nanoaterial synthesis [Bang & Suslick, 2010].  The primary ultrasound 
effects relevant to nanomaterial synthesis are cavitation and nebulization [Bang & Suslick, 
2010].  Acoustic cavitation (the formation, growth, and implosive collapse of bubbles in a liquid) 
creates extreme conditions inside the collapsing bubble and serves as the origin of most 
sonochemical phenomena in liquids or liquid-solid slurries [Bang & Suslick, 2010].  From a 
materials science perspective, ultrasonics is useful in dispersing materials in liquids to break 
particle agglomerates; this process leads to smaller particles and greater size uniformity.   
 The conventional belief of most industrial hygienists is that processes involving 
nanomaterials in liquid suspensions generally pose lower inhalation exposure potential for 
workers compared to dry processes involving ENPs.  The reason is that, in general, a wet 
material has less potential to be accidentally aerosolized than does a dry material. Therefore, 
solution-phase procedures involving ENPs have been given less attention regarding workplace 
exposure.  However, ENPs in aqueous suspension often agglomerate, requiring continuous 
mixing or sonication to deagglomerate the nanomaterial.  This purposeful mixing and sonication 
can aerosolize water droplets containing nanomaterial.  Johnson et al (2009) demonstrated that 
ENPs in a liquid can become airborne due to sonication, especially when nanomaterials are 
functionalized or in water containing natural organic matter (NOM).  The researchers measured 
fullerenes (C60), underivatized multiwalled carbon nanotubes (raw MWCNT), hydroxylated 
MWCNT (MWCNT-OH), and carbon black (CB) in air as the nanomaterials were weighed, 
transferred to beakers filled with reconstituted fresh water, and probe sonicated in an 
unventilated sonication enclosure (Branson Sonifier model 450; Branson Ultrasonic, Danbury, 
CT) in deionized water and reconstituted freshwater with and without natural organic matter 
(NOM).  Airborne ENPs emitted during processing were quantified using two hand-held particle 
counters that measure total particle number concentration (pt/cm3) in the 10 -1,000 nm range and 
in six specific size intervals in the 300 - 10,000 nm range.  Particle size and morphology were 
determined by TEM of air sample filters. After correcting for background particle number 
concentrations, it was evident that increases in airborne particle number concentrations occurred 
for each nanomaterial except CB during weighing, with airborne particle number concentrations 
inversely related to particle size. Sonicating nanomaterial-spiked water resulted in increased 
airborne nanomaterials, most notably for MWCNT-OH in water with NOM and for CB. This 
study suggests that ENPs may be released from aqueous suspensions during sonication. This 
finding indicates that laboratory workers may be at increased risk of exposure to engineered 
nanomaterials [Johnson et al., 2009].  
 Because ultrasonication is a popular method of deaggregating ENPs, and there is 
evidence of ENP emission into air due to sonication, the specific research objective of this 
dissertation study was to investigate the release of airborne ENPs when handling and mixing 
ENPs in various suspensions due to ultrasonication.  With the ultrasonicator, three different 
liquids were evaluated: 1) nanoscale graphene in isopropanol, 2) nanoscale aluminum-doped zinc 
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oxide in hexane and, 3) water (not containing nanomaterial) as a control to look at aerosolization 
of water droplets from the water bath due to sonication.  Both quantitative and qualitative 
methods were used to determine the presence and concentrations of airborne ENPs released in 
the low-background portable glovebox.  
 
2.0 Materials and Methods 
 To reduce background NSP number concentration in the laboratory, the HEPA-filtered 
portable drop-top glovebox previously described in Chapter 2 of this dissertation was employed  
(see Figure 1).  An ultrasonicator (VWR, model 75D) was connected to the AC outlet located 
inside the glovebox.   A CPC (Model 3007; TSI, Inc.) was used to measure particle number 
concentration (pt/cm3).  The CPC was connected to carbon-impregnated sampling tubing six 
inches from the ultrasonicator. Time is reported based on a 24-hour clock.  A high-volume air 
sampling pump was calibrated before and after the sampling period.  The pump drew air at a 
flow rate of 6.5 Lpm through a 25 mm, 0.4 µm pore size PC filter cassette.  One cassette per 
experiment was positioned directly above the working area.  The filtration-based samplers were 
co-located and operated simultaneously with the CPC about six inches from the ultrasonicator.  
The ultrasonicator operated at a sonic intensity level of 9 (highest operating level) to provide a 
worst-case scenario.  For this particular laboratory operation, this ultrasonicator model typically 
is operated at a seven intensity level.  A vial containing the liquid was placed into the 
ultrasonicator bath filled with tap water (see Figure 2).  The laboratory background particle 
number concentration was measured.   
 

 
 
Figure 1. Photograph of the HEPA-filtered portable low-background glovebox enclosure situated 
in the laboratory in which the experiment series was conducted.  
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Figure 2. Photograph of the setup showing the ultrasonicator VWR, Model 75D and the vial 
placed into the ultrasonicator bath filled with tap water.   
 
2.1.0 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
 
2.1.1 Sample Preparation and Analysis 
 The filter sample preparation methods were previously described in Chapter 3. 
 
2.1.2 Microscopy Methods 
 High resolution electron microscopy techniques were used by the RJ Lee Group Inc., to 
analyze the filter samples. The microscopy methods were previously described in Chapter 3.   
 
3.0 Results 
 
3.1.0 Sampling Event: June 28, 2011  
 
3.1.1 Laboratory background airborne particle detection 
 The background particle number concentration in the laboratory room ranged from 2,081-
3,307 pt/cm3 (see Table 1).  The average particle concentration was 2,967 pt/cm3 with a standard 
deviation of 165 pt/cc (see Table 1).  At 10:35:36-10:35:43, a zero-check was performed using a 
HEPA filter provided by TSI, Inc (see Figure 3).  Figure 3 shows the high laboratory background 
concentration followed by a decrease to 10 pt/cm3 at 10:47:27 due to the CPC connection with 
the glovebox (see Figure 3).  After 10:47:27 background particle concentration was low and 
stable at 4-13 pt/cm3. 
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Figure 3. Background particle number concentration (pt/cm3) versus time in the laboratory room 
outside of glovebox and inside glovebox.  Concentration is expressed as 104 in magnitude.   
 
 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

2,081-3,307 2,967 165 
 

Table 1. Summary statistics for particle number concentration (pt/cm3). 
 
 
3.2.0 Nanoscale graphene in isopropanol suspension 
 
3.2.1 Airborne particle detection 
 The one-atom thick graphene ENPs  (plate diameter of 50 nm-1 µm), were suspended in 
five mL of isopropanol in a glass vial secured with a plastic screw-cap.  The screw-cap was not 
removed during sonication. The initial glovebox background particle number concentrations 
were as high as ten pt/cm3.  Sampling occurred from 10:50:02-11:20.  The particle number 
concentration during the ultrasonication ranged from 2 to 81 pt/cm3 with a mean of 36 pt/cm3 
and standard deviation of 14 pt/cm3 (see Table 3). At the conclusion of the sampling, the screw-
cap was found loose on the glass vial.  For this experiment, the particle number concentration 
exceeded the background suggesting that NSPs were able to become airborne from the 
ultrasonication.  
 A t-test assuming unequal variances was conducted to investigate the null hypothesis that 
pre-sonication and sonication mean particle number concentrations are not statistically different. 
Statistical significance was evaluated at the 95% confidence level. Table 4 provides a summary 
of the t-test results.  The t-test showed that the mean particle number concentrations were not 
equal for pre-sonication versus sonication (p <0.05). The particle number concentration increase 
during sonication was statistically significant.   
 
 

Connection 
to glovebox 

Zero-check 
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Figure 4. Nanoscale graphene in isopropanol suspension. Particle number concentration (pt/cm3) 
versus time.  Concentration is expressed as 103 in magnitude.  

 
 
 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

4-13 8 2.1 
 
Table 2. Pre-sonication background glovebox summary statistics for particle number 
concentration (pt/cm3).  

 
 
 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

2-81 36 14 
 
Table 3. Nanoscale graphene in isopropanol suspension. Summary statistics for particle number 
concentration (pt/cm3).    
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  Pre-sonication Sonication 
Mean 8 36 
Variance 4.3 200 
Observations 33 1799 
df  108 
t Stat  56.6 
P(T<=t) two-tail  4.2 E-82 
t Critical two-tail  1.9 

 
Table 4. t-test: two-sample assuming unequal variances. 

 
3.2.2 Analysis Results – Air Sample 
 Sample #1 was overloaded with graphene and therefore particle number concentration 
could not be estimated.  Because the filter was overloaded with graphene, the 1500X, 20kX, and 
70kX analyses were not performed. A representative image of the filter is shown in Figure 5. 
 
 

 
 
Figure 5. A representative image from Sample #1, showing the filter overloaded with graphene. 
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3.3.0 Nanoscale aluminum-doped zinc oxide in hexane suspension 
 
3.3.1 Airborne particle detection 
 The aluminum-doped zinc oxide ENPs (sized at 30 nm- 50 nm in diameter) were 
suspended in five mL of hexane stored in a glass vial secured with a plastic screw-cap.  
Glovebox background particle number concentrations were below ten pt/cm3. Sampling occurred 
from 11:40-12:07.  Concentrations ranged from 2 to 26 pt/cm3 with a mean of ten pt/cm3 and a 
standard deviation of 3 pt/cm3 (see Table 5). The screw-cap remained secured to the glass vial. 
After the completion of the ultrasonicator run at 12:07, the CPC continued to measure particle 
number concentration. At 12:10, a maximum concentration of 50 pt/cm3 was reached (see Figure 
6).  This increase in particle number concentration is likely due to the generation of incidental 
NSPs from kinetic energy increase.   
 A t-test assuming unequal variances was conducted to investigate the null hypothesis that 
pre-sonication and sonication mean particle number concentrations are not statistically different.  
Statistical significance was evaluated at the 95% confidence level. Table 6 summarizes the 
results. The t-test indicates that there is no significant difference between the mean particle 
number concentrations between the two groups (t-stat=1.99; df= 73; p =0.28).  
 
 

 
 

Figure 6. Nanoscale aluminum-doped zinc oxide in hexane suspension. Particle number 
concentration (pt/cm3) versus time.  
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Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

2-26 10 3 
 
Table 5. Nanoscale aluminum-doped zinc oxide in hexane suspension. Summary statistics for 
particle number concentration (pt/cm3). 
 
 

  Pre-sonication Sonication 
Mean 10 9.7 
Variance 11 7.9 
Observations 70 1621 
df 73  
t Stat 1.1  
P(T<=t) two-tail 0.28  
t Critical two-tail 1.99   

 
Table 6. t-test: two-sample assuming unequal variances. 

 
 
3.3.2 Microscopy results- air sample  
 No Al ZnO structures were detected during the 1500X, 20kX, or 70kX analysis. While no 
Al ZnO structures were detected on the sample, some Cr-rich particles were observed. One 
explanation for this finding is that the Al ZnO sample may have been contaminated with Cr.  
 
3.4.0 Operation of ultrasonicator without materials in waterbath 
 
3.4.1 Airborne particle detection 
 Sampling occurred from 12:35-1:05. There was no vial of suspended ENPs, but there was 
water in the water bath. At 12:50 there is an increase in pt/cm3 followed by a decrease until the 
concentration was stable at background at 1:00.  There are two major peaks at 1:05 and 1:10. For 
the sampling, the range was 6-2,030 pt/cm3 with a mean of 84 pt/cm3 and a standard deviation of 
161 pt/cm3 (see Table 7).  The particle number concentration above background may have been 
from the aerosolization of water from the  water bath. The screw-cap remained secured to the 
glass vial.  It was observed that the temperature of the ultrasonicator was the highest for this 
experimental run.   
 A t-test assuming unequal variances was conducted to investigate the null hypothesis that 
pre-sonication and sonication mean particle number concentrations are not statistically different. 
Statistical significance was evaluated at the 95% confidence level. Table 8 provides a summary 
of the t-test results.  The t-test showed that the mean particle number concentrations were not 
equal for pre-sonication versus sonication (p <0.05). The particle number concentration increase 
during sonication was statistically significant.   
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Figure 7. Operation of ultrasonicator without vial of suspended ENPs in waterbath. Particle 
number concentration (pt/cm3) versus time. Concentration is expressed as 103 in magnitude. 
 
 
 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

6-2,030 84 161 
 
Table 7. Operation of ultrasonicator without vial of suspended ENPs in waterbath. Summary 
statistics for particle number concentration (pt/cm3). 
 
 

  Pre-sonication Sonication 
Mean 23 84 
Variance 123 25761 
Observations 463 1801 
df  1865 
t Stat  16 
P(T<=t) two-tail  1.48E-54 
t Critical two-tail   1.96 

 
Table 8. t-test: two-sample assuming unequal variances. 

 
 
3.4.2 Microscopy results- air sample 
 No filter sample was analyzed due to cost.   
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3.5.0 Graphene in isopropanol suspension replication 
 
3.5.1 Airborne particle detection 
 Because the screw-cap was found loose after the first round of sampling for the graphene 
in isopropanol suspension, a replication run was conducted.  The one-atom thick graphene ENPs 
(plate diameter of 50 nm-1 µm), were suspended in five mL of isopropanol and stored in a glass 
vial secured with a plastic screw-cap.  The sampling period was from 13:29-13:55.  Particle 
number concentrations ranged from 373-10,819 pt/cm3 with a mean of 4,820 pt/cm3 and a 
standard deviation of 4,324 pt/cm3 (see Table 9).  At 13:45, there was a stark increase in pt/cm3 
and the concentration remained high (see Figure 8).  The temperature of the ultrasonicator 
increased by three degrees Celsius during the hour (41-44 °C). The screw-cap remained secured 
to the glass vial.  
 A t-test assuming unequal variances was conducted to investigate the null hypothesis that 
pre-sonication and sonication mean particle number concentrations are not statistically different. 
Statistical significance was evaluated at the 95% confidence level. Table 10 provides a summary 
of the t-test results.  The t-test showed that the mean particle number concentrations were not 
equal for pre-sonication versus sonication (p <0.05). The particle number concentration increase 
during sonication was statistically significant.   
 
 
 

 
 

Figure 8. Graphene in isopropanol suspension replication. Particle number concentration (pt/cm3) 
versus time. Concentration is expressed as 104 in magnitude. 
 
 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

373-10,819 4,820 4,324 
 
Table 9. Graphene in isopropanol suspension replication. Summary statistics for particle number 
concentration (pt/cm3). 
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  Pre-sonication Sonication 
Mean 14 3381 
Variance 4.8 17069882 
Observations 61 1561 
df 1560  
t Stat -32.20160194  
P(T<=t) two-tail 7.3 E-175  
t Critical two-tail 1.96   

 
Table 10. t-test: two-sample assuming unequal variances. 

 
 
 
 

3.5.2 Analysis Results – Air Sample 
 Sample #3 was overloaded with graphene, and therefore estimated particle number 
concentration was not determined. Because the filter was overloaded with graphene, the 1500X, 
20kX, and 70kX analyses were not performed.  
 
4.0 Discussion 
 Based on the CPC data, particle number concentrations above the glovebox mean 
background of ten pt/cm3 occurred in all experiments.  The experiment that generated the 
greatest particle number concentration was the second ultrasonication of graphene in isopropanol 
(Graphene #2, mean = 4,820 pt/cm3 per Table 11).  For both graphene experiments, the filters 
were overloaded with nanoscale carbon (see Figure 5), which initially suggests that carbon ENPs 
were emitted from the sealed suspension vials during ultrasonication. However, whereas during 
the first trial the screwcap of the vial containing the graphene suspension became loose 
(Graphene #1, mean = 36 pt/cm3 per Table 11), the screwcap did not become loose during the 
second trial (Graphene #2, mean = 4,820 pt/cm3 per Table 11) for which the mean particle 
concentration was 134-fold higher.  In addition, the structure of the particles on the filter could 
not be determined due to the overloading. Given the unknown filter particle structure and the 
inconsistency in the particle concentrations with regard to the seal of the screwcap, the source of 
the particles on the filters cannot be determined conclusively. On the other hand, it is unlikely 
that the ultrasonicator generated carbon NSPs because no carbon NSPs were detected on the 
filter for the AlZnO trial.  
 The next highest particle number concentration occurred during the control 
ultrasonication of the water bath absent a vial containing an ENP suspension (No ENM, mean = 
84 pt/cm3 per Table 11).  A possible reason is that the ultrasonication aerosolized the bath water.  
If ultrasonciation per se of bath water was the source of the airborne particles in the control trial, 
logically one should see the same airborne concentration during the Graphene #1 and AlZnO 
trials.  I did observe that the temperature of the bath water increased by approximately 3o C over 
the course of one hour as the trials progressed, so the average water temperature during the 
control trial was about 44 o C compared to average water temperatures of 41o C and 42o C during, 
respectively, the Graphene #1 and AlZnO trials.  Although I am not aware of any studies that 
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demonstrate such an effect, it could be that the increase in water temperature promoted 
aerosolization. However, the lower mean particle concentration for the AlZnO compared to the 
Graphene #1 trial is not consistent with this idea.  the Graphene #1 trial is not consistent with this 
idea.  
 When the ultrasonicator was powered off, the concentration of particles decreased to 
background concentration levels of 10 pt/cm3.  This result was due, in part, to the exhaust 
ventilation of the glovebox, but may have also been due, in part, to cessation of water aerosol 
emission.  
 These ultrasonication data demonstrate the challenge in measuring airborne ENPs. Future 
studies need to investigate water droplet aerosolization and NSP emission from ENP production 
equipment (for example, the ultrasonicator) in contributing to background NSP levels.  One 
approach to investigating possible bath water aerosolization due to the ultrasonicator is by 
introducing a known concentration of a non-volatile tracer agent into the bath water and 
conducting air sampling with a filter or liquid-filled impinger to capture aerosol.  The filter or 
impinger analysis would quantify the tracer collected and, in turn, permit an estimate of the 
quantity of water aerosol emitted.  Other types of sonication and scenarios should be explored for 
the ability to ENPs to be released.  This study additionally confirms the importance of pairing 
direct-reading instruments and filter-based sampling with the use of low-background enclosures. 
 At the end of the Graphene #1 trial, the vial’s screwcap was found loose.  The loosening 
may have been caused by sonic energy, a defect in the screwcap, or a mistake by the investigator.  
To enhance the security of the screwcap seal, parafilm could be applied over the screwcap.  
Parafilm would also reduce the chance of accidental spillage of the ENP suspension. 
   
 

 
Experiment 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

Graphene #1 2-81 36 14 
AlZnO 2-26 10 3 

No ENM 6-2,030 84 161 
Graphene #2 373-10,819 4,820 4,324 

 
Table 11. Summary statistics compilation for all four experiments. 
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Chapter 5:  
 

Monitoring of Carbonaceous Engineered Nanoparticle Aerosolization Using a Low-
Background Portable Glovebox 

 
 

1.0 Introduction 
 The production of nanoscale carbon has recently increased due to its applications in many 
fields.  Nanoscale carbon can be found in products such as sporting-goods equipment, energy 
and fuel, textiles, electronics, and construction materials, to name a few. Nanoscale carbon takes 
the forms of single-walled carbon nanotubes (SWCNTs), multiple-walled carbon nanotubes 
(MWCNTs), C60 fullernes, carbon nanofibers (CNFs), and carbon nanowires.  Fibers are defined 
as elongated structures with a length-to-diameter ratio (aspect ratio) of 3:1 or greater and with a 
minmum length > 5 µm and maximum diameter ≤ 3 µm [World Health Organization (WHO) 
1985].  Carbon nanotubes have aspect ratios of ≥ 100, and length can exceed 5 µm with 
diameters ranging from 0.7 nm to 1.5 nm for single-walled nanotubes, and 2 nm to 50 nm for 
multi-walled nanotubes. 
 Toxicological studies of spherical and fibrous particles have established that natural 
fibers (e.g., asbestos) and manmade (e.g., biopersistent vitreous) fibers are associated with 
increased risks of pulmonary fibrosis and cancer after prolonged exposures [Greim et al. 2001; 
International Agency for Research on Cancer (IARC) 2002].  Critical parameters include dose, 
dimension, and durability of the fibers.  Results from three studies using intratracheal dosing of 
carbon nanotubes in rodents indicate significant acute inflammatory pulmonary effects that  
subsided in rats [Warheit et al. 2004] but were more persistent in mice [Lam et al. 2004; 
Shvedova et al. 2004b].  Administered doses were very high, ranging from 1 to 5 mg/kg in rats; 
in mice, doses in one study ranged from 3.3 to 16.6 mg/kg [Lam et al. 2004], and in a second 
study ranged from 0.3 to 1.3 mg/kg [Shvedova et al. 2004a].  Granuloma formation, which is a 
normal lung response to high doses of a persistent particulate material, was a consistent finding 
in these studies.  Metal impurities (e.g., iron) from the nanotube generation process may also 
have contributed to the observed effects.  Although these in vivo first studies revealed substantial 
acute effects, including animal death, this was explained by the large doses of instilled highly-
aggregated nanotubes that obstructed the airways;  such obstruction should not be considered a 
specific nanotube effect [Warheit et al. 2004].   

In vitro studies with carbon nanotubes also reported significant effects.  Dosing  
keratinocytes and bronchial epithelial cells in vitro with SWCNTs resulted in oxidative stress, as 
evidenced by the formation of free radicals, accumulation of peroxidative products, and 
depletion of cell antioxidants [Shvedova et al. 2004a, 2004b]. MWCNTs showed inflammatory 
effects and were internalized in keratinocytes [Monteiro-Riviere et al. 2005].  Again, the 
relatively high doses applied in these studies need to be considered when discussing the 
relevancy of these findings for in vivo exposures.  A study in macrophages comparing SWCNTs 
and MWCNTs with C60 fullerenes found a cytotoxicity ranking on a mass basis in the order 
SWCNT > MWCNT > C60.  Profound cytotoxicity (mitochondrial function, cell morphology, 
phagocytic function) was seen for SWCNTs, even at a low concentration of 0.38 µg/cm2 of skin. 
The possible contribution of metal impurities of the nanotubes still needs to be assessed. 
Therefore, whether the generally recognized principles of fiber toxicology apply to these 
nanofiber structures needs still to be determined [Huczko et al. 2001]. 
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 Based on CPC measurements made during pilot studies with the glovebox, it seemed that 
nanomaterials with a higher aspect ratio aerosolized more readily.  The ranking the potential for 
aerosolization from highest to lowest was: nanowires > MWCNTs > SWCNTs.  This preliminary 
finding motivated my investigating aerosolization potential during handling of MWCNTs and 
CNFs in a laboratory setting.   
 
2.0 Methods and Materials 
 To reduce background NSP concentration in the laboratory, the HEPA-filtered portable 
drop-top glovebox previously described in Chapter 2 of this dissertation was employed. A CPC 
(Model 3007; TSI, Inc.) was used to measure particle number concentration (pt/cm3). The CPC 
was connected to carbon-impregnated sampling tubing six inches from the source (see Figure 1). 
Time is reported based on a 24-hour clock.  A high-volume air sampling pump, calibrated before 
and after the sampling period, drew air at a flow rate of 7 Lpm through a 25 mm, 0.4 µm pore 
size PC filter cassette. One cassette per experiment was positioned directly above the working 
area. The filtration-based samplers were co-located and operated simultaneously with the CPC 
about six inches from the source. One silicon wafer coated with about 0.5mg ofCNFs, and one 
silicon wafer coated with about 0.5mg MWCNTs was obtained from the Molecular Foundry of 
the LBNL. These wafers were stored in separate plastic containers.  Tweezers were used to 
maneuver the wafers (see Figure 2).  A plastic spatula was used to scrape and scoop the 
nanocoatings from the wafer and an aluminum pan was used to deposit the nanomaterial.  
 

 
 
Figure 1. Photograph of the setup inside the glovebox. The filter cassette and CPC inlet are 
featured on the left. Tweezers, carbon-coated wafers inside plastic container, weight pans, and 
waste bags are shown in order from the left to right.  
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Figure 2. Photograph of the carbon-coated wafer placed over the weigh pan held by tweezers.  
 
2.1.0 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
 
2.1.1 Filter Sample Preparation 
 The filter sample preparation methods were previously described in Chapter 3. 
 
2.1.2 Microscopy Methods 
 High resolution electron microscopy techniques were used by the RJ Lee Group Inc., to 
analyze the filter samples. The microscopy methods were previously described in Chapter 3. 
 
3.0 Results 
 
3.1.0 Laboratory air 
 
3.1.1 Airborne particle concentration 
 The background particle number concentration in the laboratory room ranged from 1,222-
1,671 pt/cm3 (see Table 1).  The mean particle concentration was 1,479 pt/cm3 with a standard 
deviation of 80 pt/cm3 (see Table 1).  Figure 3 shows the trajectory for measuring laboratory 
background air followed by a decrease in concentration to two pt/cm3 at 12:21:06 due to the CPC 
connection to the glovebox.  The glovebox background particle concentration was low and stable 
at 0-2 pt/cm3.  Figure 4 illustrates an increase in pt/cm3 due to the opening and introduction of 
materials into the glovebox at 12:21:40.  Within two seconds, the glovebox effectively flushed 
out the NSPs and stabilized the background concentration to 0-2 pt/cm3.  
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Figure 3. Background particle number concentration (pt/cm3) versus time in the laboratory room 
outside of glovebox and inside glovebox at 12:19.  Concentration is expressed as 103 in 
magnitude. 
 
 
 
 

Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

1,222-1,671 1,479 80 
 
Table 1. Summary statistics for particle number concentration (pt/cm3) measured in laboratory 
air.  
 
 

 
 

Figure 4. Background particle number concentration (pt/cm3) versus time. Concentration is 
expressed as 103 in magnitude.   
 

Inside glovebox 

Opened glovebox to 
introduce materials 
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3.1.1 Carbon nanofiber airborne particle detection 
 One silicon wafer coated with CNFs was stored in a sealed plastic container.  Air 
monitoring occurred from 12:26-12:47.  At 12:26, the technician prepared the aluminum weigh 
pan and plastic spatula.  Once the container was opened, measurements were as high as 6 pt/cm3 
(see Table 2, Figure 5).  At 12:28, the technician started to scrape the nanofiber coated-wafer 
with a plastic spatula into the aluminum weight pan, during which CPC readings were generally 
0-2 pt/cm3 but reached six pt/cm3 at 12:31:55 (see Figure 5). At 12:33 the technician tapped the 
particles from the wafer into the weight pan and scooped the material with a plastic spatula, 
readings were as high as 12 pt/cm3. It was observed that the CNFs were forming larger 
aggregates and were clinging to the plastic spatula.  This material was believed by the technician 
to have a relatively high electrostatic charge.  At 12:43, the technician handled the wafer about 1 
inch away from the CPC tubing inlet.  At 12:44:49-1245:09, the surface of the wafer was tapped 
and scraped, measurements ranged from 3-14 pt/cm3.  Fluctuations in the particle concentration 
reached a maximum of 70 pt/cm3 at 12:46:47 (see Table 2, Figure 7).  At 12:47, the technician 
concluded the tasks and opened the waste bag to introduce the used materials; the CPC 
measurements were in the range of 0-2 pt/cm3.  Based on the measurements observed above the 
glovebox background range of 0-2 pt/cm3, it is evident that tapping, scraping, and scooping 
aerosolized ENPs.  Sampling at one inch from scraping of the wafer showed greater CPC 
readings than sampling at six inches from scraping of the wafer.   
 

Time of Event Event 
Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

12:26-12:28 Open container 0-6 0.8 1.1 
12:28-12:43 Tap, scrape & scoop 0-12 1.5 1.2 
12:43-12:47 Scrape 1 inch  0-70 4 9 
12:47 Conclusion . . . 

 
Table 2. Carbon nanofiber sample. Summary statistics for particle number concentration (pt/cm3) 
based on events.  
 

 
 

Figure 5. Carbon nanofiber sample. Particle number concentration (pt/cm3) versus time from 
12:29-12:35. 
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Figure 6. Carbon nanofiber sample. Particle number concentration (pt/cm3) versus time from 
12:35-1:43. 
 

 
 

Figure 7. Carbon nanofiber sample. Particle number concentration (pt/cm3) versus time from 
12:44-12:48. Shows the concentration for scrapping and tapping the wafer one inch from the 
sampling inlet. At 12:48, the tasks conclude.  
 
3.1.2 Microscopy results- air sample 
 No CNFs were detected above the LOD during the 1500X, 20kX, or 70kX analysis. The 
LOD concentration in air was 57.5 nanostructures/cm3. While no CNFs were detected on the 
sample, some Fe/Ni/Cr-rich particles were observed. The Fe/Ni/Cr-rich particles observed may 
have been a contaminant in the source sample, or a contaminant in the glovebox. 
 
3.2.0 Multi-walled carbon nanotube airborne particle detection 
 MWCNTs coated a silicon wafer and were stored in a plastic container secured with a 
plastic lid.  Monitoring occurred from 12:57-1:09.  At 12:57 the container with the MWCNTs 
was opened (maximum = 6 pt/cm3) (see Table 3, Figure 8).  At 12:58 the technician tapped, 
scraped, and scooped MWCNT-coated wafer with a plastic spatula into the aluminum weight pan 
(see Figure 9).  Particle number concentration was as high as six pt/cm3 (see Table 3).  The 
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technician noted that the MWCNT coating was more easily removed from the wafer compared to 
the CNF-coated wafer.  Large aggregates of MWCNTs were observed on the glovebox floor (see 
Figure 10).  The technician noted that the MWCNTs were electrostatically repulsive which 
affected the material's stability. At 1:07, the technician handled the wafer about one inch away 
from the CPC tubing inlet.  Particle number concentrations were as high as eight pt/cm3. The 
MWCNTs were more readily removed from the wafer compared to the CNFs as stated by the 
technician.  At 1:09 the tasks were concluded.   
 
 

Time of Event Event 
Range 
(pt/cm3) 

Mean 
(pt/cm3) 

Stdev 
(pt/cm3) 

12:57-12:58 Open container 0-6 2.7 1.2 
12:58-1:07 Tap, scrape & scoop 0-6 2.6 1.1 
1:07-1:09 Scrape 1 inch  0-8 1.6 1.5 
1:09 Conclusion . . . 

 
Table 3. MWCNT sample. Summary statistics for particle number concentration (pt/cm3) 
measured for events.  
 
 

 
 

Figure 8. MWCNT sampling.  Particle number concentration (pt/cm3) versus time. 
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Figure 9. Photograph of MWCNTs in the weight pan. 
 
 

 
 
Figure 10. Photograph depicting large clumps of MWCNTs on the glovebox floor. Aggregates 
are circled in black with pointing arrows.   
 
3.2.2 Microscopy results- air samples 
No CNTs were detected above the LOD during the 1500X, 20kX, or 70kX analysis.  The LOD 
concentration in air was 69.7 nanostructures/cm3. 
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4.0 Discussion 
 
4.1 Sampling distance from the source 
 Based on the observed increase in particle number concentrations above the background 
levels in the glovebox (0-2 pt/cm3), it appears that both MWCNTs and CNFs were aerosolized 
during handling activities.  Greater particle number concentrations were observed when scraping 
was performed one inch versus six inches from the CPC sampling inlet.  For example, the 
particle number concentration for scraping and scooping reached a maximum of 70 pt/cm3 at one 
inch from CPC inlet compared to a maximum of 12 pt/cm3 at six inches from the inlet (see Table 
2).  Thus, the location of the CPC (and other sampling equipment) relative to the emission source 
is important in detecting emissions into air.  Sampling at the source release point allows for the 
measurement of worst-case particle concentrations, and can permit ranking the emission strength 
of different sources.  However, results of sampling at the emission source usually overestimate 
worker exposure levels.     

Based on this finding, I suggest that at least one set of samplers (particle detector and 
filter) be located within an inch or two from the source to investigate particle release potential.  
In future studies, a design to explore particle number concentration variability based on sampling 
location from the source could be useful in understanding the nature of particle release and 
particle dispersion in an environment.  Such information could inform the setup of nanomaterial 
monitoring to obtain more accurate assessments. It would be difficult to estimate worker 
exposure levels absent a glovebox based on this sampling.  The reason is that the dilution 
ventilation rate in the glovebox is a lot higher than the effective dilution ventilation rate near the 
point of emission absent a glovebox. 
 Last, the glovebox could be used to quantify emissions from small-scale operations as 
follows.  All the air leaving the glove box is directed through one duct.  Either all that exhaust air 
is passed through a filter, or filter sampling is done in the exhaust air stream, but preferably the 
former.  The filter is then examined by microscopy to count the ENPs.  Based on the numbers 
found, time of sampling, and mass handled, one could estimate an emission rate in terms of ENP 
number per time per unit mass of nanomaterial handled. 
 
4.2 Role of electrostatic charge in aerosolization 
 During tapping, scraping, and scooping, large aggregates of MWCNTs readily 
aerosolized.  A portion of the material was deposited on the glovebox floor about 12 inches away 
from the source.  However, this phenomenon did not occur for the CNF sample.  The majority of 
the CNF sample stuck to the plastic spatula.  The CNF sample seemed to have a relatively high 
electrostatic charge based on the observation that the CNF stuck to the spatula.  Other possible 
mechanisms need to be explored in future studies. In addition, the CNFs appeared to have greater 
electrostatic attraction to the plastic spatula, whereas the MWCNTs seemed to exhibit 
electrostatic repulsion.  It is important to note that the plastic spatula relative to other materials 
such as metal, contributes to the electrostatic attraction.  Understanding the electrostatic charge 
on a nanomaterial could be useful in estimating its potential for aerosolization leading to 
occupational exposure.  I hypothesize that nanomaterials, which readily aggregate have greater 
electrostatic attractions than nanomaterials that do not aggregate as easily.  It seems plausible 
that nanomaterials that are electrostatically repulsed could aerosolize with greater ease than 
nanomaterials that are electrostatically attracted to each other.  My initial hypothesis was that the 
nanomaterial with the higher aspect ratio would more readily aerosolize; however, in this 



 104 

experiment the lower aspect ratio material had greater aerosolization ability. Future research is 
needed to investigate multiple nanomaterials (including carbon, metal, and those that are judged 
to be the most toxic), and the relationship of electrostatic charge and aerosolization ability.   
 
4.3 Filter sample results 
 No CNFs or MWCNTs were detected above the LOD during the 1500X, 20kX, or 70kX 
analysis. While no CNFs were detected on the sample, some Fe/Ni/Cr-rich particles were 
observed.  The Fe/Ni/Cr-rich particles observed may have been a contaminant in the source 
sample, or a contaminant in the glovebox.  In retrospect, the failure to observe ENPs on the 
filters was expected given the particle concentrations in air, the duration of air sampling, and the 
LOD that RJ Lee Group provides for the filter analysis.  For CNFs, the CPC measurements had a 
mean of four pt/cm3 and a maximum of 70 pt/cm3, but the microscopy LOD was 57.7 
nanostructures/cm3.  The same principle applies to the microscopy of the MWCNTs.  The CPC 
measurements had a mean of 2.7 pt/cm3 and a maximum of 8 pt/cm3, but the microscopy LOD 
was 69.7 nanostructures/cm3.  Therefore the probability of detecting source ENPs on the filter 
using the microscopy methods employed was low.  Although the CPC is more sensitive than the 
microscopy in detecting ENPs in air, the CPC lacks specificity.   
 
5.0 Conclusion 
 Particle number concentrations were greater than background levels when the 
nanomaterials were introduced and handled.  This finding suggests that MWCNTs and CNFs are 
able to become airborne.  Future studies need to corroborate these results. It was observed that 
the electrostatic charge of the nanomaterial affected aerosolization. Future research is needed to 
investigate the relationship between the electrostatic charge of the nanomaterial and its 
aerosolization ability.  Because the experiment was performed in a glovebox, inhalation exposure 
was unable to be measured; however, due to the ability of the nanomaterials to become airborne, 
inhalation exposure is possible.  Therefore, environmental health and safety measures must be 
taken such as containment of the operation and appropriate cleanup policies.  This study is 
limited in that each wafer featured less than 0.5 mg of the nanomaterial. Such little mass is 
considered residue rather than a normal sample by those working with these nanomaterials.  In 
more realistic scenarios, I would expect the potential for ENP release would be greater due to the 
greater mass handled.    
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Chapter 6: Conclusions 
 
 

 As part of this dissertation research, tools and techniques were developed that improve 
the sensitivity and specificity of ENP exposure measurements in research laboratories based on 
direct reading instruments and filter-based sampling. A portable fume-hood antechamber 
enclosure, and a portable, bottomless glovebox enclosure were constructed.  These enclosures 
are supplied with air passed through a HEPA filter while ENP handling tasks are performed 
within the enclosures.  HEPA filtration greatly reduces the nanoparticle concentration in the 
supply air and thereby improves the ENP signal-to-noise ratio.  Based on measurements made 
with a commercially available CPC, improved specificity and a 100-300-fold increase in 
sensitivity were achieved. The clean air enclosure allowed exposure monitoring without 
interference due to high and variable concentrations of ambient nanoparticles. Combined with 
filter-based sampling and high-resolution microscopy analysis, employee exposures to ENPs that 
were previously not detectable using traditional sampling techniques were quantified.  The 
increased sensitivity has allowed confidently establishing exposure controls for ENPs in a 
laboratory research and development setting.  

Three different monitoring studies were described in this dissertation. The first study 
characterized airborne metal-oxide LiNi0.45Mn0.45Co0.1-yAlyO2  ENP emissions associated with a 
nanomaterial synthesis comprised of three steps – heating a precursor solution, combustion, and 
harvesting – all conducted within a laboratory fume hood.  With the use of the cleanroom 
enclosure, background particle concentration levels of 0-2 pt/cm3 were achieved.  A CPC was 
located in the cleanroom enclosure at waist-level or near the personal breathing zone (PBZ) of 
the LBNL researcher, and a second CPC was located inside the laboratory fume hood.  The 
maximum of 465,129 pt/cm3 (measured inside the fume hood) was the highest particle 
concentration recorded in this dissertation research.  For all the combustion events, I observed 
plumes of black particles which corresponded in time with the highest particle measurements.  
To my knowledge, there are no published studies that have shown such high particle number 
concentrations from ENP synthesis.  At the conclusion of the synthesis, ENM was found on 
fume hood surfaces and equipment, and on the CPC instrument located in the fume hood. 
ANOVA demonstrated that the mean particle number concentrations were not equal across the 
three steps (p <0.05). In rank order, the mean particle number concentrations were highest during 
combustion (115,602 pt/cm3), next highest during heating the precursor solution (55,023 pt/cm3), 
and lowest during harvesting (36,708 pt/cm3).  Filter analysis confirmed that ENPs became 
airborne. All filters located inside the fume hood were heavily loaded with agglomerated source 
nanomaterial. The primary particles were rounded, often spherical and averaged 5-10 nm in 
diameter.  The EDS spectrum of the nanomaterial indicated the particles were composed of Ni 
and Mn. One limitation of this study involved the upper dynamic range of the instruments used 
to measure particle number concentrations. The upper limit for the CPC is reported by the 
manufacturer to be 100,000 pt/cm3. Therefore, all data exceeding that value should be interpreted 
with caution.  According to Methner, et al, (2010), this circumstance results in underestimation 
of the true particle number concentration.  
 The second study evaluated the release of airborne ENPs during ultrasonication of ENP 
suspensions contained in sealed vials immersed in a water bath.  The water bath was located 
within a clean air glovebox enclosure.  There were four experiments – two involved a graphene 
ENP suspension in isopropanol, one involved an AlZnO ENP suspension in hexane, and the 
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fourth was a control that involved ultrasonication of the bath water with no vial of ENP 
suspension present.  CPC measurements and filter samples were collected inside the glovebox.   
Based on the CPC data, particle number concentrations above the glovebox mean background of 
10 pt/cm3 occurred in all experiments.  Unfortunately, the results were internally inconsistent, 
and the reasons are not known.  During the two graphene ENP trials, the air sample filters were 
overloaded with carbon particles for which the structure could not be determined by the 
microscopy laboratory. However, the mean CPC particle measurement during one trial was 
4,820 pt/cm3, and was only 36 pt/cm3 during the other trial.  In addition, the screwcap of the 
graphene ENP suspension vial was found to be loose at the end of the trial for which the mean 
concentration was 36 pt/cm3, but remained tight at the end of the trial for which the mean 
concentration was 4,820 pt/cm3.  Given the unknown filter particle structure and the 
inconsistency in the particle concentrations, the source of the particles on the filters cannot be 
determined conclusively.  Next, except for the graphene ENP suspension trial for which a mean 
particle concentration of 4,820 pt/cm3 was measured, the average particle concentration was 
highest for the control trial (mean = 84 pt/cm3) which did not involve an ENP suspension.  
Aerosolization of bath water may have caused the concentration increase above background 
during the control trial, but logically the same magnitude of increase due to bath water 
aerosolization should have been observed during the other two trials.  Future studies need to 
investigate water aerosolization and NSP emission from ENP production equipment (for 
example, the ultrasonicator) in contributing to background NSP levels.  Investigating water 
aerosolization due to the ultrasonicator could be approached by introducing a non-volatile tracer 
agent into the bath water and conducting filter air sampling.  The filter analysis would consist of 
quantifying the tracer to provide an estimate of the quantity of airbone water droplets.  Other 
types of sonication and scenarios should be explored for the ability to ENPs to be released.  This 
study confirms the importance of pairing direct-reading instruments and filter-based sampling 
with the use of low-background enclosures. 
 The third study investigated the aerosolization potential of MWCNTs and CNFs during 
similar handling with the use of the glovebox.  CPC measurements and filter samples were 
collected inside the glovebox.   Background laboratory particle number concentrations as high as 
1,671 pt/cm3 were reduced to 0-2 pt/cm3 inside the glovebox.  The CPC was positioned 
alternatively one inch and six inches from the emission source.  As expected, higher particle 
concentrations were found when the CPC was located closer to the source.  Particle 
concentrations were higher than background during the introduction of the nanomaterial into the 
glovebox and when handling the nanomaterial.  Subject to similar handling, CNFs demonstrated 
greater particle release as compared to MWCNTs. The CNFs reached a maximum of 70 pt/cm3, 
whereas the maximum particle number concentration for the MWCNTs was 8 pt/cm3.  These 
results suggest that CNFs become airborne more readily than MWCNTs, perhaps due to 
differences in the electrostatic charge of the nanomaterial.   Future research is needed to 
investigate the relationship between nanomaterial electrostatic charge and aerosolization 
potential.  Lastly, the glovebox could be used to quantify emissions from small-scale operations 
as follows.  All the air leaving the glove box is directed through one duct.  Either all that exhaust 
air is passed through a filter, or filter sampling is done in the exhaust air stream, but preferably 
the former.  The filter is then examined by microscopy to count the ENPs.  Based on the numbers 
found, time of sampling, and mass handled, one could estimate an emission rate in terms of ENP 
number per time per unit mass of nanomaterial handled.  
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 Work practices and the efficacy of engineering controls can affect the magnitude of ENP 
emissions.  Control strategies customized for the handling nanomaterials need to be developed.  
Engineering controls that provide full containment (for example, a glovebox) are preferable to a 
traditional fume hood.  If a fume hood is used, a higher volumetric flow rate into the hood might 
be considered to better contain emitted ENPs.  On the other hand, higher air speeds within the 
hood could increase ENP aerosolization and loss of valuable material, and higher air speeds can 
intensify the turbulent wake effect when the worker is at the hood face; the  effect can draw 
contaminated air out of the hood and into the worker’s breathing zone.  Although not ideal, 
sustaining a closed position for the fume hood sash whenever possible does offer some 
protection from inhalation exposure to ENPs.  In addition to enhancements made to the fume 
hood, appropriate personal respiratory protection could be used during specific high-emission 
steps (for example, combustion), and protection appropriate for other exposure routes (dermal, 
ocular, ingestion) must be considered.  Environments in which ENP research is conducted should 
be clearly labeled as an ENP work area. The information generated by this research will permit 
more accurate airborne ENP exposure assessment, and will inform the development of protective 
standards for individuals working with ENPs. The air sampling approach described here can also 
be used to determine the efficacy of engineering controls in preventing emission of ENPs in the 
workplace. In addition, for long-term monitoring of a workplace, these methods can provide a 
cost-effective, routine assessment to evaluate the effect of process changes and the continued 
performance of implemented exposure controls. 
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