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Abstract As the production of engineered nano-
materials quantitatively expands, the chance that
workers involved in the manufacturing process will
be exposed to nanoparticles also increases. A risk
management system is needed for workplaces in the
nanomaterial industry based on the precautionary
principle. One of the problems in the risk manage-
ment system is difficulty of exposure assessment. In
this article, examples of exposure assessment in
nanomaterial industries are reviewed with a focus on
distinguishing engineered nanomaterial particles
from background nanoparticles in workplace atmo-
sphere. An approach by JNIOSH (Japan National
Institute of Occupational Safety and Health) to
quantitatively measure exposure to carbonaceous
nanomaterials is also introduced. In addition to real-
time measurements and qualitative analysis by elec-
tron microscopy, quantitative chemical analysis is
necessary for quantitatively assessing exposure to
nanomaterials. Chemical analysis is suitable for
quantitative exposure measurement especially at
facilities with high levels of background NPs.
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Introduction

As the production of engineered nanomaterials
(NMs) quantitatively expands, the chance that work-
ers involved in the manufacturing process will be
exposed to nanoparticles (NPs) also increases. Since
some studies have found NPs to have greater
biological activity than larger particles of the same
material (Grassian et al. 2007; Obersdorster 1996),
and potential toxicity has been observed in laboratory
animals exposed to some types of carbon nanotubes
(CNTs) (Lam et al. 2004; Shvedova et al. 2005,
2008a, b; Takagi et al. 2008; Poland et al. 2008,
Warheit et al. 2004), a risk management system is
needed for workplaces involved in NM production
and handling according to the precautionary principle
(Paik et al. 2008; Schulte et al. 2008). Guidelines for
handling NMs have been issued in several countries
(BauA 2008; NIOSH 2008; BSI 2008a, b; IRSST
2009).

One of the key problems for such a risk manage-
ment system is exposure assessment. Metrics for
exposure assessment have not yet been determined
since the mechanism by which NMs affect health is
still under investigation. Surface area is recom-
mended as a better metric than mass concentration
(Obersdorster 1996, 2001; Donaldson et al. 1998) for
some rodent studies. Another problem for assessing
NM particle exposure is high concentrations of
background NPs in ambient and workplace air from
fossil fuel combustion, secondary generation in the
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atmosphere and other work processes. Although
various instruments can measure the number, size,
mass and surface area of NPs in real time, these real-
time measurements are not selective for different
kinds of NPs. As a result, background NPs can
interfere with quantitative exposure assessments.

Although a metric related to the adverse health
effects of NPs has not yet been determined, when
engineering controls are instituted in production and
handling of NMs, some metric is necessary for
monitoring the workplace environment quantitatively
and evaluating the effectiveness of the engineering
controls. For quantitative analysis, it is necessary to
distinguish the engineered NPs from background
NPs. In this article, examples of measurement
methods used in the NM industry were reviewed
with a focus on distinguishing NM particles from
background NPs to quantitatively measure NMs.
Examples of JNIOSH methods are also introduced,
and an approach to quantitative exposure assessment
is discussed.

Real-time measurement instruments and
analytical methods for nanomaterials

The various types of real-time instruments that are
used to monitor NPs in the workplace are summa-
rized in guidance documents (HSE 2006; ISO 2008).
Instruments that are available in the workplace are
listed in Table 1. Instruments for the detection of
micron-sized particles are included in this list
because particles of this size can be formed by
agglomeration/aggregation of NPs. The details of
these instruments were obtained from publications
relating to particle monitoring.

The size and number of particles are monitored
simultaneously with a Scanning Mobility Particle
Sizer (SMPSTM) and an Electrical Low Pressure
Impactor (ELPI). Measurements with these instru-
ments are based on different physical principles, and
as a result, these instruments could be having
different responses even if the same type of particle
is monitored. They are not suitable for measurement
in workplace including personal monitoring because
of their weight (>20 kg) and size. The time resolution
of SMPS is not sufficient for monitoring the sudden
generation of NPs.

Total particle number is monitored with portable
instruments such as a Condensation Particle Counter
(CPC) and an Optical Particle Counter (OPC) for
nano-sized and micron-size particles, respectively.
These instruments detect particles via a light-scatter-
ing method and continuously measure the total
number of particles in a certain size range. The time
resolutions of these instruments range from one to a
few seconds. These instruments are very useful for
assessing emissions and measuring the particle
exposure of nearby worker due to their light weight
and quick response. Usually CPC, which is used as a
detector in SMPS, uses n-butanol or iso-propanol to
increase the size of particles by condensation to
detect the particles by light scattering. Use of these
instruments is restricted to certain selected facilities,
since they release small amounts of organic vapor
into the environment.

Surface area is considered to be an important
metric for exposure assessment since it is associated
with biological effects in rodent studies. A Diffusion
Charger (DC) is a real-time surface area monitor,
which mainly responds to particles smaller than about

Table 1 Typical real-time measurement instruments for nano- to micron-size particles in workplace

Metrics Range* Name Portability

Number 5-1000 nm Scanning Mobility Particle Sizer (SMPS)** Not portable

Number-Size distribution 7-10000 nm Electrical Low Pressure Impactor (ELPI) Not portable

Total number 10-1000 nm Condensation Particle Counter (CPC)*** Portable (handheld)
300-5000 nm Optical particle Counter (OPC) Portable (handheld)

Surface area <100 nm Diffusion Charger-based Surface-Area Monitor (DC) Portable (ca. 7 kg)

Mass Tapered Element Oscillating Monitor (TEOM) Not portable

* Ranges of detectable size of particles could be different for model of instruments

** Same as Differential Mobility Analyzer (DMA)

*#** Same as Condensation Nucleus Counter (CNC)

@ Springer



J Nanopart Res (2009) 11:1651-1659

1653

100 nm. The data of DC are used for calculating the
surface area of particles deposited on the trachea or
alveoli (Shin et al. 2007).

The mass concentration of particles has been used
as a metric for evaluating work environments.
Although the contribution of nano-sized particles to
the total mass concentration of particles is not large,
the mass of respirable particles is important. Contin-
uous measurement of mass concentration can be
conducted with a Tapered Element Oscillating Mon-
itor (TEOM). Off-line and integrated measurements
are conducted gravimetrically by filter sampling. The
mass size distribution of nano- to micron-sized
particles is determined by ELPI and Micro Orifice
Uniform Deposit Impactor (MOUDI).

Both Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) are impor-
tant tools for identifying particles by size and
morphology. EM combined with Energy Dispersive
X-ray Spectroscopy (EDX) can chemically assign
each particle. However, EM is a qualitative analytical
method, and the particles observed by EM may not be
representative.

For quantitative analysis of NM particles, chem-
ical analysis is also used to determine bulk materials.
When the bulk element of NPs is a metal, Inductively
Coupled Plasma/Mass Spectrometry (ICP/MS) is
used because of its high sensitivity if particles are
dissolved into an appropriate solvent for chemical
analysis. Although the sensitivity for carbonaceous
NDMs is usually lower than that for metals, chemical
analysis can be used to determine these NMs. High-
performance liquid chromatography with ultraviolet
detection (HPLC/UV) can be used for monitoring
exposure to fullerenes. HPLC is usually used for
purification of fullerenes in production as well as for
determination in biological samples (Xia et al. 2006)
and in geologic materials (Heymann et al. 1995).
Carbonaceous aerosols in the workplace and ambient
environments have been monitored by carbon anal-
ysis to evaluate the contribution of different emission
sources. For example, elemental carbon (EC), which
mainly consists of graphite-like carbon, is recognized
as an index of diesel engine exhaust (National
Institute for Occupational Safety and Health 1994).
There are various methods and instruments for carbon
analysis, such as thermal/optical (Birch and Cary
1996; Chow et al. 1993), thermal/chemical (Petzpd
and Niessner 1996) and continuous optical (e.g.,

Aethelometer; Hansen et al. 1984) methods. These
methods can be applied to exposure assessments of
carbonaceous NMs.

Field survey of NPs in non-nanomaterial
workplaces

In addition to the production of engineered NPs, other
emission sources of NPs in the workplace include
combustion of fossil fuels and condensation of metal
vapors emitted during welding, soldering, and smelt-
ing. Even mechanical processes can generate ultrafine
particles less than 100 nm through the grinding of
various substrates (Zimmer and Biswas 2001) and
beryllium ceramics (McCawley et al. 2001).

For welding processes, the spatial distribution of
NPs was determined by CPC measurements (Zimmer
2002). Number size distributions were compared with
TEM observations to establish the relationship
between size, morphology, and the results of real-
time measurements. For simulated welding opera-
tions, particles having different morphologies showed
different size distributions as measured by SMPS and
CPC (Brouwer et al. 2004). In this study, surface area
measurements by the Brunauer—-Emmet-Teller
method and SEM analysis were conducted for
samples collected by ELPI. Mass size distributions
near various types of welding operations were
measured gravimetrically for samples collected by
MOUDI (Dasch and D’Arcy 2008). SEM observa-
tions and elemental analysis revealed useful addi-
tional information for exposure assessment.

In a primary aluminum smelter, SMPS detection
found that the generation of particles less than 50 nm
was the highest in the process of anode changing
(Thomassen et al. 2006). These were not observed by
TEM since the particles were produced by conden-
sation of vapors and lost during sampling or in the
high-vacuum conditions of TEM.

A series of measurements was conducted in
automobile-related facilities (Peters et al. 2006;
Heitbrink et al. 2007, 2009; Evans et al. 2008). The
spatial distribution of hot spots of fine and ultrafine
particle emissions relating to work processes was
visualized with data obtained by CPC and OPC. The
spatial map of number concentration showed that NPs
were mainly emitted from direct-fire heaters, not
from the work process itself. They concluded that
filter-based mass concentration was not a good
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indicator of ultrafine particles because particle counts
were not related to mass concentration.

Field survey of NPs in nanomaterial workplaces

Methods of distinguishing engineering NM particles
from background particulate matter are reviewed in
this section. NP measurements can be affected by
particles from ambient air, production facilities, and
impurities/by-products from the production process.

Metal oxides

A pilot-scale facility for the production of metal
oxide NPs using a high-temperature gas-phase pro-
cess was monitored by CPC and SMPS (Demou et al.
2008). The observed number concentrations were
well explained by the process used at the facility.
However, the mass concentration did not correlate
well with the process.

Estimated respirable mass concentrations calcu-
lated from CPC and OPC data (Peters et al. 2006)
were used at a lithium titanate NP production facility
(Peters et al. 2009). The estimated mass concentra-
tions correlated well with workplace operation. On
the other hand, number concentrations did not. In this
case, SEM and TEM analyses including elemental
analysis can evaluate the origin of particles based on
morphology and composition. Possible contaminants
in this facility were welding fumes, particles from
grinding, and particles from outside the facility.

Carbon black

Carbon black is widely used in industries such as the
paint, printing, and rubber industries. The size of the
primary particles of carbon black is less than 100 nm.
Several primary particles usually connect to produce
micron-sized secondary particles often having a
branched structure. The expected size of particles in
carbon black facilities ranges from 20-30 nm to a
few micrometers. The bagging, pelletizing, and
reactor areas of a carbon black manufacturing facility
were assessed with CPC and SMPS, and the sizes of
the NPs were classified as PM;y, PM, s, and PM;
(Kuhlbusch et al. 2004, 2006). In addition, continu-
ous measurements of mass and carbon were con-
ducted wusing TEOM and an Aethalometer,
respectively, since carbon, especially EC, is an index
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of carbon black. The ratios of SMPS data for inside/
outside the factory and with/without work showed
that the size distribution changed during work
processes. The ratios of EC to PM,s and PM,
particles were high, and a peak of a specific size in
the number size distribution was observed. Therefore,
it is possible that carbon blacks of micron size were
emitted into the workplace air. Particles of approx-
imately 400 nm and 8 pm as well as particles of
approximately 100 nm were generated in the bag
filling and reactor areas (i.e., a leak occurred),
respectively. Particles of 30-50 nm were generated
from forklift engines and road traffic near the factory.
Although EC is also an index of diesel exhaust
particles, the EC ratio inside/outside the factory or the
EC ratio with/without work are possibly supporting
metrics.

Carbon nanotubes and nanofibers

A multi-wall carbon nanotube (MWCNT) laboratory
was surveyed with SMPS and an Aethalometer, and
the mass of collected total particles was measured
(Han et al. 2008). The total number concentrations
calculated from SMPS data responded to oil pump
operation more strongly (>30,000 particles/cm’) than
CNT release (ca. 2,000 particles/cm3). On the other
hand, the Aethalometer responded only to CNT
release. In a laboratory without an EC source such
as this, EC is a possible metric for CNT exposure. For
quantitative analysis, it is necessary to determine the
response factor of CNTs in analyses using an
Aecthalometer. Han et al. counted MWCNT fibers
with aspect ratios larger than 3:1 after the fibers were
distinguished from asbestos by SEM/EDX analysis.
Engineering control was evaluated by this combined
method. MWCNT aerosols generated for an inhala-
tion study were monitored by a thermal/optical
instrument (Myojo et al. 2008). In this method, the
temperature of the final stage of the analytical
protocol for carbon analysis (National Institute for
Occupational Safety and 1994) was 920 °C. They
compared thermograms of MWCNT to those of the
standard material for diesel forklift exhaust (NIST
SRM 2975). As the outputs of the detector during the
final stage are very different, such output is expected
to be an index of MWCNTs. Optical correction was
not used in this study since no pyrolyzed carbon was
observed for this MWCNT.
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In JNIOSH field monitoring of MWCNTs, we used
a thermal/optical instrument with a modified
IMPROVE protocol (Chow et al. 1993). The final
temperature of carbon analysis was 920 °C. The
carbon evolved at 920 °C with oxygen is specific to
MWCNT (Sigma-Aldrich, 659258, diameter = 110—
170 nm, length = 5-9 pm) as shown in Fig. la and
is associated with the concentration of the MWCNT
aerosol. In this case, the optical correction was not
used because only the carbon evolved at 920 °C is
monitored. On the other hand, thermograms of
samples collected at the side of a road with heavy
traffic, where the mix ratio of diesel engine heavy-
duty truck was 30-40%, showed little carbon evolu-
tion at 920 °C (Fig. 1b).

Several challenges are expected when applying
this method in a real workplace: the response factor
of MWCNTs must be determined, the interference
from background ambient particles must be taken
into account, and a standard material for quantitative
measurement must be selected. As the profile of the
thermogram is expected to be dependent on the
crystallinity, size, and metal content of the MWCNTs
as well as the degree of agglomeration/aggregation,
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Fig. 1 Thermograms of (a) MWCNT and (b) Ambient
particulate matter collected near heavy-traffic road

care should be taken when this method is used in a
CNT facility. Purified CNT products do not evolve
easily under these conditions, but real particles
suspended in factory air evolve relatively easily.
Transition metals, such as iron, present in ambient air
or impurities in samples likely work as a catalyst for
combustion. During the production process, there will
be a mixture of different CNTs from different stages
of production, and as a result, a suitable calibration
method for quantitative analysis must be developed.

SWCNT handling processes in four factories were
monitored by CPC and OPC (Maynard and Baron
2004). The peak calculated mass concentrations
during the handling process were 0.15-1.5 mg/m?
depending on the factory. Both Fe and Ni were used
as catalysts in production. Therefore, these were used
as a CNT index. Iron impurities were also used to
monitor SWCNT concentration in an aerosol gener-
ation experiment (Baron et al. 2008) not in the
workplace. Such indirect metrics are potentially
useful for estimating concentrations of NM particles
as long as the contents of the impurities are stable.

Some carbonaceous NMs are used in composites
of plastics or metals. Little is known about NP
generation during the processing of NP-containing
composites. In an analysis at a carbon nanofiber
(CNF) handling facility (Methner et al. 2007),
bundles of CNFs were observed in samples collected
during dry CNF handling by TEM observation. The
mass of PM; particles and total carbon concentration
in air were elevated during wet saw cutting of the
CNF composite. Surface total carbon was higher
during the same process.

Fullerenes

A facility for the production of fullerenes, another
class of carbonaceous NM, was assessed by using
SMPS and SEM analysis (Fujitani et al. 2008). The
presence of agglomerates/aggregates were observed
by SEM and real-time measurements, but quantitative
approaches were not applied. The number concentra-
tion of fullerenes outside the factory was higher than
that inside the factory.

A field survey was conducted by JNIOSH at a site
at which fullerenes (Cgg) were processed to synthesize
lithium-doped fullerenes from purified Cgy and lith-
ium (JNIOSH 2008). Results of real-time monitoring
showed that most particles emitted during this process
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were submicron in size. Most of the particles were
expected to be agglomerates/aggregates of fullerene,
fullerene oxides, and lithium-doped fullerenes, since
the starting material in this process is Cgg, the energy
supplied during production is small and the air
supplied to the production area was purified, there
were no processes that emitted other NPs including
soot. In order to confirm this result, SEM observations
and chemical analyses were conducted for the parti-
cles collected with a Sioutas Cascade Impactor (Misra
et al. 2002) during the entire process. Sioutas Cascade
Impactor collects particles in four stages from A to D
and back-up. The 50% cut-off points are 2.5, 1.0, 0.5,
and 0.25 pm if the density of particles is 1.0.

Figure 2 is a SEM image of particles collected
with a polycarbonate membrane filter. Elemental
analysis showed these particles are composed of
carbon, but lithium is not detected by SEM/EDX.
Figures 2-AL and 2-AH are SEM images of particles
collected on Stage A at low and high magnifications,
respectively. Figure 2-CL and 2-CH are that of
particles collected on Stage C with low and high
magnification, respectively. In Stage A, agglomer-
ates/aggregates of larger sizes are observed than in
Stage C. The geometric diameters of the sampled
particles greatly differed from their aerodynamic
diameters. The morphology observed in high

Fig. 2 SEM images of
fullerene particles collected
by SCI. (AL, AH) Stage A:
expected collected size:
>2.5 pum; magnification
%250, x10,000,
respectively (CL, CH);
Stage C expected collected
size: 0.5-1.0 um;
magnification x250,

% 13,000, respectively
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magnification photographs also suggests that the
densities of the particles in each stage are different.
This kind of disagreement has been reported for
SWCNT (Baron et al. 2008). Smaller particles were
also observed in Stage A. Impaction may break up the
aggregated particles into smaller particles. This point
should be noted when the results of EM observation
and OPC are analyzed.

HPLC analysis of the same sample showed that
Cgo was determined only for the samples in Stages A
and B. The concentration of fullerene was 2 pg/m°.
Fullerene concentration is more sensitive than mass
measurement and is expected to be a metric of
fullerene exposure in the workplace. Fullerene oxides
and metal-doped fullerene may affect the HPLC
analysis. They can be separated from fullerene by
mass spectrometry which is used for quality control
in fullerene industry.

In most of the above cases, since the number
concentration of outside air is higher than that of the
workplace, the number concentration does not seem
to be an appropriate dose metric if it is used by itself.
Usually EM is used to distinguish engineered NPs
from background NPs with the exception of counting
fibers of MWCNT (Han et al. 2008). Since it is
quantitative and selective, chemical analysis is one of
the best methods of exposure assessment.

H
0.5 -1.0um
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Emission assessment with walk through survey

A 4
Measurement strategy

How (environment or personal)

When (with.without operation)

Where (near or far from source, outside, etc.)

What (number, size, mass, surface area, morphology,
chemical components, etc.)

How (sampling method, instrument setting)

A 4

Distinction of engineered NPs from other NPs

EM observation for collected sample
Identification of existing particle

Chemical analysis for collected sample
Identification of existing particle

Evaluation of workplace environment by real-time
instruments

Check the production or handling procedure

Check the invasion of outside air

Comparison of in/out of workplace

Comparison of with/without work

A

Quantitative assessment
Chemical analysis for collected sample
Determination of material

Evaluation of workplace environment by real-time
instruments

Mass concentration measured gravimetrically

Fig. 3 A probable approach to quantitative measurement of
nano-materials in workplace

Approaches to quantitative exposure assessment

From the above examples, probable approaches of
quantitative exposure assessment are summarized in
Fig. 3. Metrics closely relating to the adverse health
effects have not yet been determined; therefore, these
approaches are to evaluate the workplace environ-
ment and effectiveness of engineering controls. These
methods may be helpful in determining strategies for
risk management for the production and handling of
NMs.

Measurement strategy must be well thought out
before conducting an analysis. At present, exposure
assessments are performed by analyzing several
metrics measured at different locations (inside/

outside) and times (with/without work process). The
combination of instruments likely determines the
quality of the data. Some instruments are not suitable
for all facilities due to the emission of solvent vapors
from the instruments and the size or weight of
the instruments, for example, SMPS and ELPIL
The instruments and sampling methods used in the
assessment are determined by the nature of the
materials and duration of NP generation. The pres-
ence of interfering factors from the environment or
other work should be investigated before the assess-
ment of NP generation.

Engineered NPs and background NPs can be
distinguished by several methods. EM can determine
whether the NPs of interest are present by observing
morphology and elemental composition. For metal
NPs, chemical analysis detects NMs with high
sensitivity. The concentration ratios with/without
work and inside/outside the facilities provide useful
information. Data interpretation should be done after
examining the work processes, the other activities at
facilities, and the flow of outside air into the facilities.

Quantitative assessments of environmental con-
centration are conducted both by using real-time
measurements and mass measurements including
chemical analysis. If the background concentration
is stable or low, number concentration is a useful
metric: Subtraction of background concentration is a
simple way to determine the environmental concen-
tration. In facilities where ambient air is introduced
from the outside without any treatment, the amount of
bulk material detected by chemical speciation is the
best metric.

Future needs

Although surface area is one of the probable dose
metrics, there is insufficient information on surface
area data regarding the stability and sensitivity of
field surveys, with the exception of laboratory studies
(Ku and Maynard 2005; Health and Safety Executive
2006; Maynard and Aitken 2007). More information
on measurements and their relationship with other
metrics is needed. The development of portable and
real-time instruments for simultaneous speciation and
counting is expected, although these instruments are
still under development. Size distribution measure-
ments are necessary for determining whether

@ Springer



1658

J Nanopart Res (2009) 11:1651-1659

nanoparticles are actually present and not agglomer-
ates/aggregates. Sometimes, the size distribution
indicates the emission source. The available instru-
ments for measuring size distribution are heavy and
bulky, and SMPS have time resolutions of several
minutes. A portable instrument for size distribution
that has good reproducibility and can detect instan-
taneous emission is needed for measuring work-
related exposure to NPs.

Further research on the toxicology of NMs is
necessary to determine appropriate dose metrics for
risk management. Analytical methods to measure the
dose metric will be investigated in parallel with the
dose-response relationship. In the near future, better
management systems for NMs will be proposed based
on stronger data; these systems will protect workers
from hazards and promote workers’ health.
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