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Abstract

Engineered nanomaterial emission and exposure characterization studies have been completed at 

more than 60 different facilities by the National Institute for Occupational Safety and Health 

(NIOSH). These experiences have provided NIOSH the opportunity to refine an earlier published 

technique, the Nanoparticle Emission Assessment Technique (NEAT 1.0), into a more 

comprehensive technique for assessing worker and workplace exposures to engineered 

nanomaterials. This change is reflected in the new name Nanomaterial Exposure Assessment 

Technique (NEAT 2.0) which distinguishes it from NEAT 1.0. NEAT 2.0 places a stronger 

emphasis on time-integrated, filter-based sampling (i.e., elemental mass analysis and particle 

morphology) in the worker's breathing zone (full shift and task specific) and area samples to 

develop job exposure matrices. NEAT 2.0 includes a comprehensive assessment of emissions at 

processes and job tasks, using direct-reading instruments (i.e., particle counters) in data-logging 

mode to better understand peak emission periods. Evaluation of worker practices, ventilation 

efficacy, and other engineering exposure control systems and risk management strategies serve to 

allow for a comprehensive exposure assessment.
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 Introduction

Over the past 15 years, the application of nanoscale science and engineering to the broad 

discipline of advanced materials science has resulted in numerous advances in the use of 

engineered nanomaterials (ENMs) in commercial applications. Increasingly, workers in 

industries, ranging from cosmetics to transportation, are involved in the research, 

development, manufacture, production, use, recycling, and disposal of ENMs or products 

containing nanomaterials. The Nanoparticle Emission Assessment Technique (NEAT 1.0) 

was published in 2009 by authors at the National Institute for Occupational Safety and 

Health (NIOSH) as an initial step toward semi-quantitatively evaluating potential 

occupational emissions that could lead to exposures in workplaces where ENMs are used.(1) 

The technique has been applied in numerous workplaces and has demonstrated that release 

of ENMs does occur in occupational settings.(2-5) On the basis of additional NIOSH studies 

of various industries that manufacture and use ENMs, NEAT 1.0 has been refined to provide 

time-integrated exposure data. The primary focus of NEAT 1.0 was emissions (the 

identification of processes or job tasks where the release of nanomaterials could occur 

potentially resulting in emission into the workplace air). Personal breathing zone (PBZ) 

samples were not a core component of this method, nor were any size-selective samplers 

used with filter sampling to discriminate respirable-sized particulates. The updated 

technique, NEAT 2.0, expands upon NEAT 1.0 by adding a focus on quantitative and 

qualitative assessment of occupational exposures (expressed as PBZ concentrations) to 

indicate whether a worker is potentially in contact with an ENM of interest.

 NEAT 1.0 – Historical Technique

NEAT 1.0 recommended the use of a combination of an array of field portable, direct-

reading instruments (DRIs) in combination with filter-based air sampling and subsequent 

laboratory analysis.(1) The approach involved developing a list of target areas (processes and 

tasks) for evaluation. Particle concentrations at these target areas were subsequently 

characterized using two DRIs: a condensation particle counter (CPC) and an optical particle 

counter (OPC). Used together, these instruments are capable of counting particles in the size 

range from approximately 10 nm to greater than 10,000 nm. Comparisons between the 

concentrations of particles measured by the CPC (10–1000 nm) and the OPC (300–10,000 

nm) were used to indicate the presence of nanomaterials versus larger particles and/or 

agglomerates.

NEAT 1.0 included determination of the influence of background particle concentrations by 

briefly evaluating the airborne particle number concentration with both the CPC and OPC 

before and after the ENM processing or handling tasks were completed. The background 

particle concentration was subtracted from the CPC and OPC measurements taken during a 

specific process or task to ascertain the magnitude and extent of the nanomaterial release 

(recognizing that not all nanomaterials detected by these instruments will be ENMs). An 

average of those two measurements was used to adjust the process or task specific 

measurements to determine whether the process or task produced an emission of 

nanomaterials.
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Integrated, filter-based samples were then collected at the suspected emission sources, as 

determined by measurement data from the DRIs. PBZ samples were collected only when 

results from the DRI's indicted an increase in particle counts and workers were present in the 

area where the process was being carried out. Sampling duration was matched to the length 

of time necessary to complete the process or task and therefore was short. Eight hour time-

weighted average (TWA) samples were not part of NEAT 1.0. The PBZ samples were 

collected at a flow rate set relatively high at approximately 7 liters per minute (LPM), to 

compensate for the potentially short sampling times. This approach was used to increase the 

probability of collecting sufficient mass for a meaningful elemental analysis or particle 

morphology study.

Filter-based samples included two obtained with open-faced, 37-millimeter (mm) filters. 

These were collected concurrently, one to be analyzed for elemental mass concentration and 

the other to be analyzed with electron microscopy for physical characteristics (e.g. shape, 

size, identification). The type of filter media used for the elemental analysis depended on the 

chemical composition of the ENM of interest (for example, quartz fiber filters for elemental 

carbon; mixed cellulose ester (MCE) for metals; and MCE, polycarbonate or Teflon for 

electron microscopy). (6, 7) In addition to source task-based samples, two filter-based air 

samples were collected away from the suspected emission sources for background particle 

identification and mass concentration to ascertain whether migration of the ENM of interest 

had occurred.(1, 2)

 Lessons learned from the NEAT

The sampling technique used with NEAT 1.0 helped to identify the types of tasks that can 

result in nanomaterial emissions in laboratories and pilot-scale plants. However, the use of 

NEAT 1.0 at larger production-scale sites identified several limitations. NEAT 1.0 did not 

completely address the potential for transient or intermittent naturally occurring or incidental 

background nanomaterials (such as from a forklift, gas-fired heater, or machinery motor), 

because the DRIs were not used in data-logging mode. Averaging the pre-task and post-task 

particle counts posed the possibility of missing short-term events or fluctuations in 

concentrations. For instance, counts might change drastically because of activities during the 

task being evaluated or because of naturally occurring background influences (such as the 

time of day or the proximity to vehicle emissions). Also, because workplace exposure 

evaluations generally were accomplished over a short period of time (15 minutes, for 

example), fluctuations in airborne nanomaterial concentrations or full exposure dose over an 

extended period of time could not be determined.

Filter-based samples collected at a high flow (7 LPM) also proved to be problematic in some 

workplaces; because of high filter-pressure drops and filter-loading and/or sampling pump 

limitations, a constant flow rate of 7 LPM could not be maintained. Most validated sampling 

and analytical methods recommend more moderate flow rates of 1 to 5 LPM.(8)

The use of NEAT 1.0 demonstrated that nanomaterial emissions can occur in occupational 

settings, and that workers can potentially be exposed during their handling and use of 

nanomaterials. This demonstrated that a more robust sampling strategy with a stronger 

emphasis on worker exposures was needed to develop a more accurate picture of exposure to 
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ENMs in the workplace. Additionally, since NEAT 1.0 was published, NIOSH has published 

recommended exposure limits (RELs) and specific sampling guidance for titanium dioxide 

(TiO2), carbon nanotubes (CNTs), and carbon nanofibers (CNFs).(9, 10)

The following is a description of the refined technique (NEAT 2.0) that NIOSH currently 

applies to assess workers' potential exposure to ENMs.

 Methods

NEAT 2.0 involves various codependent elements (Table I). Pre-assessment prioritization 

and planning are performed before arrival on site to determine the required field 

measurements and equipment. Data collected in the field are analyzed and risk management 

strategies and recommendations are communicated to the facility. NEAT 2.0 is used to 

characterize exposures to workers operating in nanotechnology production operations. 

Therefore, the primary goal is to assess TWA exposures by collecting PBZ filter-based 

samples during a worker's activity over the entire workday. This strategy requires the 

collection of time-integrated air samples from workers' PBZ. Where interest exists in 

identifying task-specific exposure information, additional time-integrated air samples are 

collected in the worker's PBZ only for the duration of that specific task. DRIs (particle 

counters) are used to supplement the data from TWA PBZ samples. DRI data provide 

information on peak emissions that could correspond to ENM exposures. These data, in 

combination with additional characterization, are used to determine work practice 

modifications and engineering control strategies. Another critical evolutionary aspect of 

NEAT 2.0 is the collection of real-time integrated background data over the course of a full 

sampling period. Such collection enables better understanding of background fluctuations 

and specifically identifies significant events not related to the ENM activity.

 Instrumentation and materials

The core component of NEAT 2.0 exposure assessment is the use of two filter-based samples 

for evaluating a worker's exposure. PBZ samples are collected for elemental mass analysis 

and nanomaterial characterization (e.g., shape, size, identification). Airborne samples are 

collected on 25-mm filters (in open-face sample cassettes), and just as in NEAT 1.0, the 

filter media type is selected based on the type and composition of the ENM of interest. In 

some cases, a third filter-based sample is collected (with an inlet that is size-selective inlet 

for inhalable or respirable particles) for comparison with the open-face sample. This enables 

better understanding of the contribution of particle agglomeration and exposure to larger 

particles in the analysis of worker exposures or for comparison to a REL. At each sampling 

location (i.e., each employee or area sample) the two filter-based samples are collected 

simultaneously with two pumps (either XR 5000 or Leland Legacy sampling pumps; SKC 

Inc., Eighty Four, PA), ranging in flow from 1 to 5 LPM depending on the duration of the 

task or methodological needs. In the change in focus from evaluating emissions to evaluating 

exposure, it was necessary to increase the sampling time. Often a lower flow rate is 

necessary to decrease the back-pressure on the filter so that the sampling time can be 

extended from task-based to full-shift. As tandem PBZ samples are collected for an 

employee over the duration of a shift, the decreased overall weight of a smaller pump creates 
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less interference with worker activities. Frequently, an employee will need to wear four 

pumps, two for a task-based set, and two for a full-shift sampling set. To accommodate these 

four pumps, a sampling vest (fishing vest) is used to hold the sampling equipment (Figure 

1).

Except for TiO2, CNTs, and CNFs, no recommended sampling and analytical methods have 

been developed that are specific for ENMs. Therefore, the existing analytical methods 

published in the NIOSH Manual of Analytical Methods (NMAM) or from Occupational 

Safety and Health Administration (OSHA) must be modified, but only slightly, so as to 

retain their integrity.(6, 7) These modifications may include maximizing the flow rate, within 

the prescribed range of the method, to improve the likelihood of collecting sufficient mass 

for elemental analysis.

Elemental analysis is conducted on one of the filters from each sampling set. Occupational 

exposure criteria do not exist for most ENMs; therefore, TWA measurements (elemental 

mass analyses) are compared to corresponding occupational exposure criteria for the parent 

compound. However, making such comparisons to the parent compound can be problematic, 

because the ENMs studied to date have been shown to have more significant toxicological 

concerns than the element(s) or the larger material forms from which they are 

derived.(9, 11-19)

Morphologic data from electron microscopy of one of the filters in each sampling set are 

used to understand the contribution of the ENM of interest to the elemental mass load and 

can provide an “order of magnitude” evaluation of the extent of its contribution. Hazard 

identification and characterization can then be performed based on a holistic assessment of 

the integrated filter samples.

Three real-time, field-portable DRIs (TSI model 3007 condensation particle counter, TSI 

Model 3330 optical particle counter, and TSI Dust Trak DRX optical particle counter or 

other comparable equipment), used together, characterize the process emissions by 

determining the number or mass concentration and approximate size range of airborne 

particles. The instruments' data logging capabilities allow continuous recording of normal 

fluctuations in particle counts, attributable to the process or task in which ENMs of interest 

are being handled or processed. A DRI array and the filter-based samples are placed in the 

following locations: the background, to evaluate ambient background particle count; the 

work process area, to evaluate particle count changes attributed to general work area 

processes; and the source location, to record particle count changes at the actual location of 

ENM activity (Figure 2). By documenting the workers' activities, data-logged results can 

then be used to identify workplace tasks or practices that contribute to any increase or spikes 

in the nanomaterial concentrations or counts. Data-logged results can enable identification of 

ambient or incidental events. DRIs are nonspecific, aerosol monitors and therefore, subject 

to interferences. (20) As such it is necessary to collect samples for analysis by more selective, 

time-integrated, laboratory-based methods to confirm and quantify exposures.(20)

Occupational exposure criteria and guidance have been established for CNTs, CNFs, and 

TiO2. The NIOSH RELs are concentrations of 2.4 mg/m3 for fine TiO2 and 0.3 mg/m3 for 
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ultrafine (including engineered nanoscale) TiO2 for up to 10 hours per day during a 40-hour 

work week.(9)

For TiO2, personal exposure can be determined by means of NIOSH Method 0600 for 

sampling airborne respirable particles.(6) In work environments where exposure to other 

types of aerosols occur or when the size distribution of TiO2 (fine vs. ultrafine) is unknown, 

other analytical techniques are necessary to characterize exposures. NIOSH Method 7300 

can be used to assist in differentiating TiO2 from other elements in aerosols collected on a 

cellulose ester filter. In addition, electron microscopy with X-ray energy dispersive 

spectroscopy (EDS), may be needed to measure and identify ENM of interest.(9)

NIOSH recommends that exposures to CNTs and CNFs be kept below 1 μg/m3 at the 

respirable size fraction.(10) Elemental carbon (EC) is recommended by NIOSH as a reliable 

indicator of exposure to CNTs or CNFs as an 8-hour TWA.(10) The extent of personal 

exposure to CNTs or CNFs as elemental carbon (EC) can be determined by NIOSH Method 

5040 with use of a 25 mm quartz fiber filter and a respirable cyclone.(6, 8, 10, 20-23) The 

collection of a second sample on an open-face filter for analysis by electron microscopy will 

assist in characterizing the CNT/CNF materials.(10, 20, 24, 25)

 Refined Sampling Strategy

 Collect Basic Workplace Information—NEAT 2.0 begins with basic characterization 

of the worksite with detailed information on the workplace, the workforce, and information 

about the ENM of interest.(24) Data are collected on the chemical composition of the ENM, 

its physical characteristics (e.g., size, particle size distribution, anticipated shape), coatings 

or binding materials, possible contaminants from processing or use, and physical state 

during processing or use (highly agglomerated, bound in a solid matrix, in a liquid 

suspension, or unbound). Safety data sheets (SDSs) are consulted for data on the physical 

and chemical characteristics of the ENM and for information on its potential toxicology. The 

information on SDSs might not be specific to the ENM of interest but might instead provide 

data on the parent or bulk form of the material.(26)

The initial characterization of the worksite includes an estimate of the number of workers 

potentially exposed to the ENM along with a description of their job responsibilities. A 

complete (detailed) description of all tasks associated with the process is developed to 

identify where possible exposure could occur. Work practices are examined to understand 

workers' their job responsibilities including routine versus non-routine job tasks, and the 

frequencies and durations of potential exposures. The entire process is documented, 

including tasks involved from the time the ENM enters the facility, through processing and 

manufacturing, and then the final product handling, packaging, shipping and/or disposal. 

Process flow diagrams, building schematics, descriptions of the process, and standard 

operating procedures are used to help identify sources of possible emissions and for 

designing the exposure assessment strategy. Existing exposure control devices, such as 

enclosures and ventilation, are documented.

 Design and Implement the Sampling Plan—As part of NEAT 2.0, both task-based 

and full-shift area and PBZ samples are collected to quantify worker exposures. Information 
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collected from the task-based samples is used to identify processes, areas, or tasks that may 

contribute to exposures. Collection of short-term, task-based samples is often necessary to 

verify the airborne release of ENMs at specific steps in the process or during a specific task 

activity. To ensure that a sufficient amount of sample is collected with short-term sampling, 

samples are collected using a 25-mm, open-face sampler and operated at the highest flow 

rate possible (e.g., 1 to 5 LPM) and within the limitations of the analytical method to 

optimize the amount of material (e.g., metal) collected to achieve the limit of quantification 

(LOQ) of the analytical method. An open face filter will allow collection of total aerosol. An 

additional (third) filter may be collected using a respirable size selective inlet for comparison 

to the TiO2 and CNT RELs.

A second open-face filter sample is collected concurrently for analysis by electron 

microscopy to characterize the collected particles by composition and morphology (i.e. size, 

shape, agglomeration). Electron microscopy with EDS analysis can be used for elemental 

characterization of particles, to confirm the presence or absence of the ENM of interest, and 

its contribution to the mass concentration determined from other collected samples. The use 

of electron microscopy-based methods also enables examination of various particle 

attributes (such as physical size, morphology and composition) that helps distinguish the 

ENM of interest from incidental nanomaterials.(27) In addition, because of increased 

sensitivity, electron microscopy methods can identify the presence of an ENM of interest 

even when its mass concentration is below the level of detection of the elemental analysis. 

The collection of multiple samples at different flow rates and sampling times may be 

necessary to ensure an adequate sample (i.e., appropriate particle loading) for electron 

microscopy or elemental analysis.

Because the NIOSH issued guidance and recommended analytical methods apply only to 

TiO2 and CNTs, or CNFs, methods for other ENM parent compounds may be used. Since 

the sensitivity of elemental analysis of nanomaterials is low, it is likely that some 

modification of the method will be required to increase the likelihood of detection. 

Modifications may include maximizing flow rate within the prescribed range of the method, 

decreasing filter size, and increasing sample times.

The portable DRIs are used primarily to identify sources of emissions and to determine what 

activities affect their release. DRIs are placed as close as possible to the process or task, 

alongside the filter-based samples, and run simultaneously throughout the sampling period. 

The instruments are set in data-log mode, and then the data are downloaded, and evaluated 

later. Worker activities are documented to indicate potential correlation between specific 

activities and increased emissions.

 Evaluate the Background—Background fluctuations in ambient, environmental, 

and/or process derived incidental nanomaterials can be significant and variable. Outdoor 

particle concentrations appear to influence indoor measurements.(28) Seasonal factors, 

proximity to roads, weather-related phenomena, time of day, transient changes, and 

simultaneous emissions of ultrafine particles are all elements that influence outdoor 

background concentrations.(29, 30) Nanoscale (1 – 100 nm) particles are easily transported 

inside via ventilation systems, open windows, doors, employee clothing, and other means.
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To properly evaluate the contribution of incidental nanomaterials, a background set of DRIs 

(in data-log mode) and the filter-based samples are run simultaneously throughout the 

sampling period.(21) The background sampling location is collected away from the 

production process, such as outside the room but within the same ventilation system, and 

simultaneously with shift or task-based sampling to determine actual background 

contribution of incidental nanomaterials. Within a closed environment such as a verified 

cleanroom, background samples (DRIs and filter-based samples) are collected inside the 

cleanroom, but as far away from the emission source as possible. Both full-shift and task-

based samples are compared to the background samples to ensure that any peaks in particle 

concentrations seen with the DRI array cannot be attributed to an incidental source (such as 

the passing of a forklift or some other natural occurrence.) If the facility is open to the 

outdoor environment, background levels are obtained outdoors to take into account particle 

concentrations that may be contributed by outdoor sources. Specific time and duration of 

tasks are carefully documented. Graphical representations of the logged data can then be 

created and compared to the documented tasks performed by the employee (Figure 3). Peaks 

in the resultant graphs are compared to the background nanomaterial counts to determine if 

they resulted from the task or from an unrelated, incidental nanomaterial emission factor 

such as time of day or proximity to a roadway. In an ideal situation, background filter 

samples for the nanomaterial of interest should indicate that they are not present. If the 

nanomaterial of interest is present in the background samples, the background filter results 

should be subtracted from other representative samples to provide a true indication of the 

exposure potential. Background filter results should always be subtracted from carbon-based 

nanomaterials evaluated using NMAM 5040 due to the potential for contributing 

environmental or incidental elemental carbon.

 Evaluate Engineering Controls and Worker Practices—An invaluable part of the 

exposure assessment process is the evaluation of exposure control strategies, including 

general and local exhaust ventilation (LEV) systems used at processes and job tasks where 

nanomaterial exposure might occur.(31) This evaluation includes obtaining air pressure 

differentials between controlled process areas and adjacent zones. In addition, general and 

LEV systems are evaluated by means of air flow measurements obtained from a velocity 

instrument such as a thermal anemometer. Visualization of air movement patterns is 

performed using a smoke stick or a smoke generating device.(32) Smoke testing is conducted 

at the end of the sampling period to avoid inadvertent contamination of samples.

Wipe samples may be collected and analyzed for elemental content as an indicator for the 

potential migration of the ENM of interest throughout or outside of the production area on 

both equipment and other surfaces that may come into contact with the skin. These samples 

are collected on surfaces that workers frequently touch, such as doorknobs, computer 

desktops, and keyboards. The presence of an element of interest on such surfaces could 

indicate dermal exposure and transfer. If an element of interest is found on a horizontal 

surface such as a ledge or a shelf, then this could indicate airborne migration due to 

ventilation or engineering control problems. These samples may be collected on 

GhostWipe™ (SKC Inc., Eighty Four, PA) or Whatman™ 42 (GE Healthcare, Piscataway, 

NJ) materials and analyzed per NIOSH Method 9102, Elements on Wipes.(6) Depending on 
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the material, quantitative or qualitative results can be obtained for a wide variety of metals 

(cadmium, chromium, nickel, silver, zinc, zirconium, etc.). This method is not currently 

validated for carbon-based materials such as CNTs or cellulose nanocrystals.

If necessary, material characterization may be performed.(33) This may include dustiness and 

toxicity testing to provide insight as to how the dry material will behave if aerosolized and 

inhaled.(33) Material characterization is not a routine part of NEAT 2.0, but could provide 

additional data to support the need for engineering controls in an occupational setting.

 Data Analysis

Occupational exposure criteria and guidance have been established for CNTs, CNFs, and 

TiO2. The NIOSH RELs are concentrations of 2.4 mg/m3 for fine TiO2 and 0.3 mg/m3 for 

ultrafine (including engineered nanoscale) TiO2 for up to 10 hours per day during a 40-hour 

work week.(9) NIOSH recommends that exposures to CNTs and CNFs be kept below 1 

μg/m3 at the respirable size fraction.(10) Elemental carbon (EC) is recommended by NIOSH 

as a reliable indicator of exposure to CNTs or CNFs as an 8-hour TWA.(10). There currently 

are no other nanomaterial exposure limits.

If the nanomaterial of interest is present in the filter based mass background samples, the 

background filter results should be subtracted from other representative samples to provide a 

true indication of the exposure potential. Background filter results should always be 

subtracted from carbon-based nanomaterials evaluated using NMAM 5040 due to the 

potential for contributing environmental or incidental elemental carbon.

Until occupational exposure limits for other nanomaterials are published, the data from the 

mass based samples should be evaluated using a conservative approach noting that OELs for 

the parent (non-nano) material may not be protective for the same material at the nanoscale. 

Methodology for the development of ad-hoc of in-house OELs have been described by 

others.(24)

Open face samples provide collection of the total aerosol thus when analyzed by electron 

microscopy, particles are more evenly distributed across the surface of the filter increasing 

the likelihood of gaining a better understanding of the particles, versus those that might have 

agglomerated to a larger size during closed-face filter sampling. This also allows for an 

evaluation of particles contained within a larger matrix (such as a composite) that may not 

be collected using a closed-face sampler. Respirable fraction samples are also collected for 

comparison to the existing RELs.

DRIs are not designed to identify specific types of ENMs; thus, integrated filter-based 

sampling is the only way to confirm the presence of the ENM of interest and its physical and 

chemical characteristics. DRIs can be used to indicate the potential release and emission of 

nanomaterials from individual tasks or to evaluate the effectiveness (or efficacy) of 

engineering controls. Therefore, the data provided by these instruments is used to 

supplement data obtained using integrated sampling. This is best accomplished by 

documenting worker job tasks and making use of the data-logging capabilities of the 

instruments. Because DRIs lack specificity, the background concentration should not be 
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subtracted from the “at source” sample concentration; instead, trends are identified and 

evaluated. Background or incidental nanomaterial concentrations are well characterized for 

comparison with results obtained from area and source samples.

Incorporation of surface wipe sampling is often useful to identify ENM migration 

throughout production areas or contamination of non-production work areas of the facility. 

Contamination may be due to faulty worker practices, inadequate ventilation, or 

inappropriate or ineffective engineering controls. Although NIOSH, OSHA, and ACGIH 

have not established surface contamination standards, some workplaces have developed 

internal standards for surface contamination. Brookhaven National Laboratory has 

developed acceptable concentrations for surface contamination levels.(34) These internal 

surface contamination standards help to ensure that in place risk management practices are 

operating effectively by keeping ENMs within production areas.

NEAT 2.0 has been used by NIOSH in a variety of facilities using different 

nanomaterials.(20, 35) Brenner, Neu-Baker, Eastlake, Beaucham and Geraci (35) documented 

a NEAT 2.0 evaluation performed to determine exposure to metal oxide nanoparticles in a 

semiconductor fabrication facility.

 Discussion

NEAT 2.0 was developed in response to the need for a more complete and representative 

evaluation of ENM exposures using the same types of portable sampling instruments 

frequently used by industrial hygiene professionals in evaluating other airborne hazards. 

This refined version of the original NEAT 1.0 is a more comprehensive assessment 

technique for identifying and quantifying workplace exposures to ENMs and for 

determining the effectiveness of exposure control techniques and practices for reducing 

worker exposures.

Integrated sampling is the key step in the exposure assessment process and the core of NEAT 

2.0. Together, the two (or three) filter-based samples collected at the PBZ, source, area, and 

background locations, provide information on the presence, size, shape, degree of 

agglomeration, and approximate quantity of the ENM sampled. The use of shift-based and 

long-term sampling, as opposed to task-based or short-term, provides the opportunity for 

comparison with applicable TWA occupational exposure levels.

While NIOSH often uses an array of 3 different DRIs, this is not always necessary. A set of 

one type of DRI (such as a condensation particle counter that counts particles in the size 

range of nominally 10 nm -1,000 nm) could be utilized to determine control technology 

evaluations. NIOSH includes additional DRIs to fully understand if the nanomaterial of 

interest is also present in the larger particle sizes. NIOSH recommends use of DRIs 

primarily to verify that engineering controls are functioning properly and to qualitatively 

identify areas of potential exposure since DRIs lack the specificity required for a quantitative 

exposure assessment.

NEAT 2.0 has been developed for use in the occupational setting to evaluate exposures using 

portable equipment with which industrial hygienists are familiar, but it should not be 
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confused with research methods, which may involve more elaborate, expensive, and less 

portable equipment. NEAT 2.0 is based on exposure assessment and sampling strategies 

coupled with careful interpretation of the results as they pertain to occupational exposure to 

nanomaterials.

The goal of NEAT 2.0 is to assist users in performing a comprehensive exposure assessment 

and in making educated decisions to decrease the potential for occupational exposure using 

the hierarchy of controls (elimination, substitution, engineering controls, administrative 

controls, and personal protective equipment). In addition, this technique encourages 

nanomaterial facilities to follow the basics of industrial hygiene:

• anticipating and recognizing the potential hazard

• performing an evaluation to determine the extent of potential exposure

• evaluating the data obtained and communicating the results

• putting in place controls (based on hierarchy of controls) to decrease 

exposure to recommended levels

• confirming that the controls are functioning as originally intended

Other nanomaterial exposure evaluation techniques refer to a tiered approach. Tiered 

methods lead the user through a stepwise process in order to perform not only a 

nanomaterial exposure evaluation but often also a complete risk evaluation.(36-41) NEAT 2.0 

is not a tiered approach but instead consists of different codependent elements. This 

technique is intended to assist the user in performing a comprehensive exposure assessment 

which may then contribute data to an existing tiered approach.

The data and recommendations generated for any given facility using NEAT 2.0 can provide 

a baseline for change. In most cases, decreasing the potential for worker exposure isn't 

limited to one solution, nor is risk management a one-time event, rather managing potential 

exposures is an ongoing process that requires continued attention. Any change in the 

workplace (such as characteristics of the material, tasks performed, number of employees) 

will initiate additional review of the other elements involved in the NEAT 2.0 exposure 

assessment (such as additional sampling or gathering new process knowledge).

 Conclusions

A comprehensive exposure assessment evaluation using NEAT 2.0, collects information that 

can be used to (1) identify sources of nanomaterial emissions, (2) evaluate the extent of 

worker exposures to ENMs, (3) identify deficiencies in current housekeeping practices, (4) 

evaluate the efficacy of engineering controls for reducing exposures, and (5) evaluate 

product handling practices. Integrated filter-based sampling is used to identify and quantify 

worker exposure to ENMs while DRI particle measurements, ventilation assessments, wipe 

sampling results, and documentation of worker job tasks provide a comprehensive means of 

appraising the emission and possibly exposure potential at processes and job tasks. This 

information is then available for incorporation into appropriate risk management strategies 

to minimize worker exposure to ENMs. Although no individual technique alone can 
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adequately characterize potential exposure to ENMs, the combination of these techniques in 

NEAT 2.0 allows an in-depth characterization of the potential for occupational exposure to 

ENMs within the advanced materials industry.
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Figure 1. 
Sampling vest with pumps and filter cassettes.
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Figure 2. 
Background sampling with three real time data logging particle counters (condensation 

particle counter and optical particle counters), two 25 mm open-face filter cassettes, and one 

sorbent tube (for a process solvent).
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Figure 3. 
Graphic representation indicating fluctuations in particle concentrations during 

centrifugation of a product slurry and clean-up. The concentrations in the area sampling data 

showed higher peaks than the background during centrifugation. The background data was 

relatively static with the exception of a small spike and decrease that corresponded to the 

opening of a door. Data for this graphic was collected and data logged by two different 

condensation particle counters.
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Table I
Components of the comprehensive nanomaterial exposure assessment technique (NEAT 
2.0)

Collect Basic Workplace 
Information

Design and Implement the 
Sampling Plan

Risk Assessment Risk Management

Work flows, staffing and tasks
Materials used
Safety data sheet
Literature review
Anticipate and recognize 
hazards
Other indicators of potential 
exposure situations

Full-shift and task-based integrated 
filter sampling for elemental mass 
and microscopy characterization.
Direct reading instruments
Evaluate ventilation and 
engineering controls

Evaluation of data:
Background
Engineering Controls
Worker Practices
Develop strategies to mitigate 
exposure potential based on results 
and utilizing the hierarchy of 
controls.
Communicate potential occupational 
risks

Confirmation of continued 
risk control
Additional measurements or 
controls may be required
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