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Foreword

The National Institute for Occupational Safety and Health (NIOSH) is pleased to pres-
ent General Safe Practices for Working with Engineered Nanomaterials in Research Labo-
ratories. Engineered nanomaterial applications are rapidly expanding throughout the
United States and worldwide. The research community is at the front line of creating
these new nanomaterials, testing their usefulness in a variety of applications, and deter-
mining their toxicological and environmental impacts.

With the publication of this document, NIOSH hopes to raise awareness of the occupa-
tional safety and health practices that should be followed during the synthesis, charac-
terization, and experimentation with engineered nanomaterials in a laboratory setting.
The document contains recommendations on engineering controls and safe practices
for handling engineered nanomaterials in laboratories and some pilot scale operations.
This guidance was designed to be used in tandem with well-established practices and
the laboratory’s chemical hygiene plan. As our knowledge of nanotechnology increases,
so too will our efforts to provide additional guidance materials for working safely with
engineered nanomaterials.

/s

John Howard, M.D.

Director, National Institute for
Occupational Safety and Health

Centers for Disease Control and Prevention
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Executive Summary

Nanotechnology, the manipulation of matter at a nanometer scale to produce new ma-
terials, structures, and devices having new properties, may revolutionize life in the fu-
ture. It has the potential to impact medicine through improved disease diagnosis and
treatment technologies and to impact manufacturing by creating smaller, lighter, stron-
ger, and more efficient products. Nanotechnology could potentially decrease the impact
of pollution by improving methods for water purification or energy conservation. Al-
though engineered nanomaterials present seemingly limitless possibilities, they bring
with them new challenges for identifying and controlling potential safety and health
risks to workers. Of particular concern is the growing body of evidence that occupa-
tional exposure to some engineered nanomaterials can cause adverse health effects.

As with any new technology or new material, the earliest exposures will likely occur
for those workers conducting discovery research in laboratories or developing produc-
tion processes in pilot plants. The research community is at the front line of creating
new nanomaterials, testing their usefulness in a variety of applications and determin-
ing their toxicological and environmental impacts. Researchers handling engineered
nanomaterials in laboratories should perform that work in a manner that protects their
safety and health. This guidance document provides the best information currently
available on engineering controls and safe work practices to be followed when working
with engineered nanomaterials in research laboratories.

Risk Management

Risk management is an integral part of occupational health and safety. Potential expo-
sures to nanomaterials can be controlled in research laboratories through a flexible and
adaptive risk management program. An effective program provides the framework to
anticipate the emergence of this technology into laboratory settings, recognize the po-
tential hazards, evaluate the exposure to the nanomaterial, develop controls to prevent
or minimize exposure, and confirm the effectiveness of those controls.

Hazard Identification

Experimental animal studies indicate that potentially adverse health effects may result
from exposure to nanomaterials. Experimental studies in rodents and cell cultures have
shown that the toxicity of ultrafine particles or nanoparticles is greater than the toxicity
of the same mass of larger particles of similar chemical composition.

Research demonstrates that inhalation is a significant route of exposure for nanoma-
terials. Evidence from animal studies indicates that inhaled nanoparticles may deposit
deep in lung tissue, possibly interfering with lung function. It is also theorized that
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nanoparticles may enter the bloodstream through the lungs and transfer to other or-
gans. Dermal exposure and subsequent penetration of nanomaterials may cause local
or systemic effects. Ingestion is a third potential route of exposure. Little is known about
the possible adverse effects of ingestion of nanomaterials, although some evidence sug-
gests that nanosized particles can be transferred across the intestinal wall.

Exposure Assessment

Exposure assessment is a key element of an effective risk management program. The ex-
posure assessment should identify tasks that contribute to nanomaterial exposure and
the workers conducting those tasks. An inventory of tasks should be developed that in-
cludes information on the duration and frequency of tasks that may result in exposure,
along with the quantity of the material being handled, dustiness of the nanomaterial,
and its physical form. A thorough understanding of the exposure potential will guide
exposure assessment measurements, which will help determine the type of controls re-
quired for exposure mitigation.

Exposure Control

Exposure control is the use of a set of tools or strategies for decreasing or eliminating
worker exposure to a particular agent. Exposure control consists of a standardized hi-
erarchy to include (in priority order): elimination, substitution, isolation, engineering
controls, administrative controls, or if no other option is available, personal protective
equipment (PPE).

Substitution or elimination is not often feasible for workers performing research with
nanomaterials; however, it may be possible to change some aspects of the physical form
of the nanomaterial or the process in a way that reduces nanomaterial release.

Isolation includes the physical separation and containment of a process or piece of
equipment, either by placing it in an area separate from the worker or by putting it
within an enclosure that contains any nanomaterials that might be released.

Engineering controls include any physical change to the process that reduces emissions
or exposure to the material being contained or controlled. Ventilation is a form of engi-
neering control that can be used to reduce occupational exposures to airborne particu-
lates. General exhaust ventilation (GEV), also known as dilution ventilation, permits
the release of the contaminant into the workplace air and then dilutes the concentration
to an acceptable level. GEV alone is not an appropriate control for engineered nano-
materials or any other uncharacterized new chemical entity. Local exhaust ventilation
(LEV), such as the standard laboratory chemical hood (formerly known as a laboratory
fume hood), captures emissions at the source and thereby removes contaminants from

viii
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the immediate occupational environment. Using selected forms of LEV properly is ap-
propriate for control of engineered nanomaterials.

Administrative controls can limit workers” exposures through techniques such as us-
ing job-rotation schedules that reduce the time an individual is exposed to a substance.
Administrative controls may consist of standard operating procedures, general or spe-
cialized housekeeping procedures, spill prevention and control, and proper labeling and
storage of nanomaterials. Employee training on the appropriate use and handling of
nanomaterials is also an important administrative function.

PPE creates a barrier between the worker and nanomaterials in order to reduce expo-
sures. PPE may include laboratory coats, impervious clothing, closed-toe shoes, long
pants, safety glasses, face shields, impervious gloves, and respirators.

Other Considerations

Control verification or confirmation is essential to ensure that the implemented tools
or strategies are performing as specified. Control verification can be performed with
traditional industrial hygiene sampling methods, including area sampling, personal
sampling, and real-time measurements. Control verification may also be achieved by
monitoring the performance parameters of the control device to ensure that design and
performance criteria are met.

Other important considerations for effective risk management of nanomaterial expo-
sure include fire and explosion control. Some studies indicate that nanomaterials may
be more prone to explosion and combustion than an equivalent mass concentration of
larger particles.

Occupational health surveillance is used to identify possible injuries and illnesses and is
recommended as a key element in an effective risk management program. Basic medical
screening is prudent and should be conducted under the oversight of a qualified health-
care professional.
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1 Introduction

According to The International Organization for Standardization Technical Commit-
tee 229 (Nanotechnologies) (ISO/TS 27687:2008), a nano-object is a material with one,
two, or three external dimensions in the 1- to 100-nm size range. Nano-objects are fre-
quently incorporated into a larger matrix known as a nanomaterial. Nanoparticles are
a specific type of nano-object, with all three external dimensions at the nanoscale. An
additional term, ultrafine particles, is used to describe nanometer-diameter particles
that have not been intentionally produced but are the incidental products of processes
[NIOSH 2009a]. For purposes of this document, the term nanomaterial is used to de-
scribe engineered nano-objects, including engineered nanoparticles.

Nanomaterials are increasingly being used in optoelectronic, electronic, magnetic, med-
ical imaging, drug delivery, cosmetic, catalytic, and other applications. Although nano-
materials present seemingly limitless possibilities, they bring with them new challenges
to understanding, predicting, and managing potential safety and health risks to work-
ers. Exposures to nanomaterials can involve a wide range of nanomaterial sizes, shapes,
functionalities, concentrations, chemical compositions, and exposure frequencies or
durations. Researchers working with engineered nanomaterials have the potential to
be exposed through a variety of sources and processes, including leaks from equipment
used in the synthesis of nanomaterials, manipulating dry nanopowders, sonicating liq-
uid suspensions, or mechanically disrupting materials containing or coated with nano-
materials [Aitken et al. 2004; Johnson et al. 2010]. A growing body of evidence indicates
that exposure to some of these engineered nanomaterials can cause adverse health ef-
fects. Based on this preliminary toxicological data, prudent practice dictates controlling
occupational exposure to nanomaterials.

2 Scope

As with any new technology, the earliest exposures will likely occur among those work-
ers conducting research in laboratories and pilot plants. Researchers handling engi-
neered nanomaterials in laboratories and pilot scale operations should perform that
work in a manner that is protective of their safety and health. Although incidental
nanoparticles (also known as ultrafine particles) exist in nature, the focus of this docu-
ment is to provide guidance on the safe handling of purposely designed, engineered
nanomaterials in research laboratories. The information may also be applicable in some
pilot-scale facilities.

Research laboratories include any facility performing basic or applied research involv-
ing nanomaterials. Nanomaterial research laboratories may be housed at universities,
government agencies, and private companies. Research laboratories may produce their
own nanomaterials, work with nanomaterials produced by others, or some combination
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of both. Laboratory-scale production typically consists of relatively small amounts of
nanomaterial, ranging from a few milligrams for highly sophisticated materials such as
quantum dots to a few kilograms for less-sophisticated materials such as metal oxides.
Laboratories conducting applied research may also produce materials on a pilot scale,
which typically increases material volumes by a factor of 10 or more. Pilot-scale equip-
ment is generally similar to industrial-scale processes, but it produces much smaller
quantities of nanomaterial.

3 Risk Management

Exposures to engineered nanomaterials can be controlled in the research laboratory by
a comprehensive risk management program that includes task hazard/risk analysis, en-
gineering controls, administrative controls, and use of PPE. Implementing an effective
program should address the following elements of hazard surveillance.

Hazard Identification: Is there reason to believe that the nanomaterial of interest could
be harmful?

Exposure Assessment: Is there potential for exposure to the nanomaterial or other
chemical or physical hazards?

Exposure Control: What procedures are in place or should be developed to minimize
or eliminate worker exposure(s)?

The answers to these questions will help to formulate a program that includes the following:

» A written health and safety policy covering all types of chemical and physical
hazards in the workplace, in accordance with the U.S. regulatory requirement 29
CFR 1910.1450, the Occupational Safety and Health Administration’s (OSHA)
laboratory standard, including development of a Chemical Hygiene Plan.

» A clear delineation of roles and responsibilities for everyone involved in labora-
tory or pilot plant research.

= Effective procedures for documentation, communication, and employee training.

» Incorporation of input from safety professionals, industrial hygienists, and oc-
cupational health professionals, as appropriate.

Figure 1 illustrates components of an overall health and safety program that includes
nanomaterial risk management [Schulte et al. 2008a]. Additional guidance on prudent
practices in the laboratory [NRC 2011] can be obtained from the National Academy of
Sciences (NAS).
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Figure 1. Components of an overall health and safety program. Modified from
Schulte et al. [2008].

4 Hazard ldentification

The unique properties of materials at the nanoscale have raised concerns regarding
health effects that might result from occupational exposures. The toxicity of a nanoma-
terial will be a function of its substance-specific toxicity, as influenced by physicochemi-
cal characteristics (including those unique to the nanoscale form of the substance) and
contaminants [Trout and Schulte 2010].

Results of studies in which animals and humans were exposed to ultrafine or other respi-
rable particles provide a basis of concern for possible adverse health effects due to engi-
neered nanomaterial exposures. Experimental studies in rodents and cell cultures have
shown that the toxicity of ultrafine or nanoparticles is greater than that of the same mass
of larger particles of similar chemical composition [Oberdorster et al. 1992; Oberdorster
et al. 1994; Lison et al. 1997; Tran et al. 1999; Tran et al. 2000; Brown et al. 2001; Barlow
et al. 2005; Duffin et al. 2007]. In addition to particle size and surface area, other particle
characteristics may influence toxicity, including surface functional groups or coatings,
solubility, shape, and the ability to generate reactive oxygen species [Duffin et al. 2002;
Maynard and Kuempel 2005; Oberddrster et al. 2005; Donaldson et al. 2006].

Several articles have investigated the toxicity of carbon nanotubes (CNTs) in experi-
mental animal studies [Lam et al. 2004; Shvedova et al. 2005; Donaldson et al. 2006;
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Lam et al. 2006; Kisin et al. 2007; Li et al. 2007; Kane and Hurt 2008; Miyawaki et al.
2008; Poland et al. 2008; Shvedova et al. 2008; Erdely et al. 2009; Ma-Hock et al. 2009;
Shvedova et al. 2009; Pauluhn 2010]. The results from these studies indicate potential
respiratory health risks from exposure to CNTs, including granulomatous pneumonia
and fibrosis. Evidence also indicates that when multi-walled carbon nanotubes (MW-
CNTs) are administered intraperitoneally to mice, the MWCNTs have asbestos-like
pathogenicity [Poland et al. 2008; Takagi et al. 2008]. Although a causal link has not
been established, there is concern about possible cancer hazards in addition to potential
for fibrosis/nonmalignant respiratory disease.

Additional studies have investigated the DNA damage caused by nanosized metals and
metal oxides [Karlsson et al. 2009; Singh et al. 2009]. Although it cannot be concluded
that metal oxide nanoparticles are always more toxic than their micrometer counterparts,
nanosized copper oxide (CuO) was found to be much more toxic than micrometer-sized
CuO [Karlsson et al. 2009].

Inhalation is considered the primary route of potential exposure in the nanomateri-
al workplace. Evidence indicates discrete nanoparticles are deposited in the lungs to
a greater extent than larger respirable particles [ICRP 1994]. Some nanoparticles are
thought to enter the bloodstream from the lungs and then transfer to other organs [Tak-
enaka et al. 2001; Nemmar et al. 2002; Oberdorster et al. 2002; Geiser et al. 2005]. It
is further postulated that some nanomaterials may move from the nose to the brain
though the blood-brain barrier [Oberdorster et al. 2004; Elder et al. 2006].

Dermal exposure to nanomaterials is also a potential exposure pathway. Possible harm-
ful effects may occur locally, or the substances may be absorbed through the skin and
cause systemic effects. Studies indicate particles smaller than 1 pm in diameter may
penetrate intact skin [Tinkle et al. 2003; Ryman-Rasmussen et al. 2006]. Dermal ir-
ritation has been seen following topical application of single-walled carbon nanotubes
(SWCNT5) to nude mice [Shvedova et al. 2003; Murray et al. 2007], although it is not
known whether skin penetration could occur and result in adverse health effects. Ad-
ditional data are needed to extrapolate these findings for identifying any occupational
health risks and for investigating the dermal toxicity of other nanomaterials.

Ingestion of nanomaterials might occur due to unintentional hand-to-mouth contact,
thereby allowing possible transfer to other body organs via the gastrointestinal tract.
The mucociliary escalator system, where particles that are deposited in the lung are
transferred by coughing to the pharynx and subsequently swallowed, is an additional
path to ingestion. Little is known about possible adverse effects from ingestion of nano-
materials; however, some evidence indicates smaller particles can be transferred across
the intestinal wall more readily than larger particles [Behrens et al. 2002].
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5 Exposure Assessment

An exposure assessment should identify tasks that may expose workers to nanomateri-
als and also identify the researchers conducting those tasks. Such an assessment would
review the process and material flow plans for the facility and the status of specific proj-
ects. It would include staff interviews and a walk-through of the facility (laboratory) to
ensure that all activities and potential exposure pathways are identified. The inventory
of tasks and workers should include information on the potential magnitude, duration,
and frequency of exposure during different job tasks, or at specific processes, and the
amounts of materials being used. Current work practices and existing engineering con-
trols should be evaluated.

The work tasks should be inventoried and prioritized according to the potential for
occupational exposure. Examples of tasks and product activities include the following:

» Material receipt, unpacking, and delivery.

» Laboratory operations (synthesis, analytical, and quality assurance activities).
» Cleaning and maintenance.

= Storage, packaging, and shipping.

» Reasonably foreseeable emergencies.

» Waste management.

Determinants of potential exposure to nanomaterials may include dustiness, type of
process, quantity of material handled, and duration and frequency of employee expo-
sure. These elements are summarized below and should be taken into account when
implementing exposure control measures.

Dustiness

The dustiness of the nanomaterial can influence potential exposures and the selection
of the appropriate engineering control. Dustiness describes the tendency of particles to
become and/or stay airborne and refers not only to the physical form of the nanomate-
rial but also to the electrostatic repulsive forces inherent in the particle. For example,
the “dustiness” of the nanomaterial is influenced by its particle bulk density and mor-
phology (shape, diameter, and length), as well as the incorporation of the nanomaterial
into slurries or liquid suspensions. Nanomaterials in dry powder form tend to pose
the greatest risk for inhalation exposure, while nanomaterials suspended in a liquid
typically present less risk via inhalation. Exceptions have been identified during some
laboratory processes such as sonication, which resulted in an increase in airborne nano-
materials [Johnson et al. 2010]. Electrostatic forces influence the stability of particle
dispersion in air. These electrostatic forces therefore affect dustiness and should be con-
trolled where possible. Nanomaterials with little or no repulsive forces will tend to be
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more likely to form aggregates and therefore be less dusty. Nanomaterials incorporated
into a solid matrix present the least risk for inhalation exposure because of their limited
mobility as long as they are maintained within the matrix.

Process

Some material handling, synthesis, and manufacturing processes can increase the risk
of employee exposure. Open, manual handling of bulk nanomaterials, as well as high-
energy processes such as milling, sonication, grinding, and high-speed blending, could
cause the release of nanomaterials [Gohler et al. 2010; Johnson et al. 2010]. Consid-
eration should also be given to the possibility of intentional or inadvertent chemical
changes during a work task that may alter the toxicity of a nanomaterial.

Quantity, Duration, and Frequency of Task

The quantity of the nanomaterial that is synthesized, received, or handled in the labora-
tory will significantly influence exposure potential. Research laboratories may handle
quantities ranging from milligrams to several grams or even kilograms of a nanomate-
rial. As quantities increase, consideration of additional control measures may be re-
quired. Exposure potential may be influenced by the duration and frequency of the
task(s). Small quantities used on an infrequent basis may not require the same level of
control measure that large quantities used daily would require.

Engineering controls should be the primary means of controlling exposures, except in
situations (e.g., emergencies) where such controls may not be feasible. In those circum-
stances, other control measures may be required (e.g., respirator use).

5.1 Safety Through the Life Cycle of a Nanomaterial

To ensure the health and safety of those working with nanomaterials, the exposure
sources during the nanomaterial product life cycle should be evaluated. Exposure
sources include nanomaterial synthesis reactors, nanoparticle collection and handling,
product fabrication with nanomaterials, product use, and product disposal [Sahu and
Biswas 2010]. Table 1 contains some selected activities with potential exposure sources
and recommended engineering controls. The ultimate disposal of the nanomaterial and
contaminated refuse should follow all applicable federal, state, and local regulations.

Consideration should be given to installing high-efficiency particulate air (HEPA) fil-
ters on laboratory chemical hoods or other individual exhaust duct systems. The deci-
sion to use HEPA filtration should be based on evaluation of the contaminant charac-
teristics, maintenance and protection of the fan motor and other exhaust parts, energy
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Table 1. Employee activities and recommended minimum controls.

State of the
nanomaterial

Employee activity

Potential
exposure source

Recommended
engineering controls

Bound or fixed
nanostructures
(polymer matrix)

= Mechanical grinding,
alloying, etching,
lithography, erosion,
mechanical abrasion,
grinding, sanding,

drilling, heating, cooling

= Nanomaterials may
be released during
grinding, drilling,
and sanding. Heating
or cooling may
damage the matrix,
allowing release of
nanomaterial.

= Local exhaust
ventilation

Laboratory chemical
hood (with HEPA-
filtered exhaust)

HEPA-filtered
exhausted enclosure
(glovebox)

Biological safety
cabinet class Il type Al,
A2, vented via thimble
connection, or B1 or B2

Liquid suspension,
liquid dispersion

= Synthesis
methods: chemical
precipitation, chemical
deposition, colloidal,
electrodeposition
crystallization, laser
ablation (in liquid)

= Pouring and mixing
of liquid containing
nanomaterials

Sonication
Spraying
Spray drying

Exposures may result
from aerosolization
of nanoparticles
during sonication or
spraying, equipment
cleaning and
maintenance, spills,
or product recovery
(dry powders).

Laboratory chemical
hood (with HEPA-
filtered exhaust)

HEPA-filtered
exhausted enclosure
(glovebox)

Biological safety
cabinet class Il type
Al, A2, vented via
thimble connection, or
B1 or B2

Dry dispersible
nanomaterials and
agglomerates

Collection of material
(after synthesis),
material transfers,
weighing of dry
powders, mixing of dry
powders

Exposures may
occur during any dry
powder handling
activity or product
recovery.

Laboratory chemical
hood with HEPA-
filtered exhaust

HEPA-filtered
exhausted enclosure
(glovebox)

Biological safety cabinet
class I, B1 or B2

Nanoaerosols
and gas phase
synthesis (on
substrate)

Vapor deposition,
vapor condensation,
rapid solidification,
aerosol techniques, gas
phase agglomeration,
inert gas condensation
(flame pyrolysis,

high temperature

evaporation), or spraying

Exposures may occur
with direct leakage
from the reactor,
product recovery,
processing and
packaging of dry
powder, equipment
cleaning, and
maintenance.

Glovebox or other
sealed enclosure with
HEPA-filtered exhaust
Appropriate
equipment for
monitoring toxic gas
(e.g., CO)

Table adapted from the summary of recommended nanomaterial controls from the University of New Hampshire [UNH 2009],
the University of North Carolina [UNC 2011], and the Research Report 274 [Aiken et al. 2004] prepared by the Institute of

Occupational Medicine for the Health and Safety Executive.
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requirements, and any applicable environmental release rules. NIOSH recommends the
use of HEPA filtration on local exhaust ventilation, laboratory chemical hoods, low-
flow enclosures, and any other containment enclosures as a best practice during the
handling of engineered nanomaterials.

5.1.1 Synthesis

Nanomaterial synthesis represents the first step in the nanomaterials exposure pathway.
Numerous methods can be used to synthesize nanomaterials, and the nature of the
potential exposure depends on the specific synthesis process and the stage within the
process. Appropriate engineering controls will depend greatly on the synthesis method
utilized and the step in the process where the exposure might occur.

Because of the possibility of equipment leaks, synthesis processes should be carried
out in an isolated area or in an enclosure operating under negative pressure and ex-
hausted through HEPA filters [Seaton et al. 2010]. Precautions such as local exhaust
ventilation and PPE should be utilized when cleaning or performing maintenance on
the equipment. Furthermore, general ventilation in the laboratory is often not sufficient
to effectively clear nanomaterials released into the general room air over a 30-minute
period; therefore, researchers should leave the hood fan on even after synthesis is com-
plete [Sahu and Biswas 2010]. Finally, exposures could occur during product recovery,

Carry out operations in a manner that minimizes the risk of exposure to nanomaterials
from inhalation or dermal contact. Principles that contribute to minimizing the risk of
exposure to nanomaterials in the laboratory include the following:

= Handle nanomaterials in dry powder form with care to minimize the generation of air-
borne dust and to minimize dermal contact.

= Nanomaterials suspended in a liquid present less risk for becoming airborne than nano-
materials in dry powder form under normal handling conditions, but they may present a
dermal risk, especially if the nanomaterial is suspended in a solvent.

= Nanomaterials suspended in a liquid may be aerosolized during certain handling activities
(for example, during sonication).

= Nanomaterials incorporated into a solid matrix are least likely to become airborne be-
cause of their limited mobility. However, under certain circumstances these nanomateri-
als may still pose some risk, such as if the solid matrix is cut, sawed, drilled, sanded, or
handled in any way that creates a dust or releases the nanomaterial.

= The quantity of material handled contributes greatly to the risk of exposure. Operations
involving the use of nanomaterials should always use the minimum quantity required for
the particular experiment or process.
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packaging, and shipping phases and therefore should be identified and controlled ac-
cording to the state of the nanomaterial during that stage of synthesis (Table 1).

5.1.2 Characterization and Purification

Once the nanomaterial has been synthesized, it may undergo characterization, purifica-
tion, or other modification steps such as the addition of surface coatings to functional-
ize it. Safety precautions and standard operating procedures should be developed and
followed for hazards associated with the characterization, purification, or functionaliza-
tion of the nanomaterial.

Characterization includes the determination of the size and shape of the nanomaterial,
atomic and electronic structures, and any other important chemical or physical proper-
ties [Rao and Biswas 2009]. This process may include various analytical methods such
as microscopy, X-ray diftraction, and spectroscopy. Purification or processing of nano-
materials is used to remove impurities from the nanomaterial of interest. For example,
a raw carbon nanotube material may contain the catalyst used in the synthesis process.
Purification techniques include high-temperature heat treatments, the application of
highly acidic or caustic substances, or the use of potentially hazardous solvents. Func-
tionalization modifies the particle surface by attaching another substance, which may
change the toxicity or behavior of the nanomaterial.

5.1.3 Application and Material Testing

The third phase of nanomaterial processing in research laboratories involves the ap-
plication and testing of the nanomaterial or nanoenabled material. This may involve
combining the nanomaterial into other matrices, applying nanomaterials onto surfaces,
or destructive testing of substances containing nanomaterials.

Avoid manipulating nanomaterials in open systems or in a free particle state (e.g., han-
dling dry nanopowders on a bench top).

= Preferably, (1) keep nanomaterials bound in a matrix, (2) keep them suspended in a liquid,
(3) keep them sealed in a container, or (4) use appropriate engineering controls.

= For larger processes that cannot fit in a fume hood or glovebox (e.g., injection molding),
control emissions with properly designed local exhaust ventilation.

= Transfer nanomaterial samples between workstations (such as exhaust hoods, glovebox-
es, furnaces) in sealed, unbreakable, labeled containers.

= Avoid generating nanoparticle aerosols (e.g., through sonication) on bench tops. Use ap-
propriate laboratory exhaust and containment systems.
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The most stable form for most nanomaterials occurs when they are bound within a solid
matrix. However, destructive treatment of the matrix, such as during grinding, sand-
ing, and drilling, may lead to the release of nanoparticles or larger particles containing
nanomaterial. Thermal stresses such as melting plastics may also cause nanomaterial
release. Local exhaust ventilation (Section 7.0) should be used during destructive han-
dling of matrices containing nanomaterials [UNH 2009].

Working with nanomaterials in liquid during activities where energy is applied such as soni-
cation or mixing may generate the airborne release of respirable droplets containing nanoma-
terials [Johnson et al. 2010]. Proper controls should be used during these operations (Table 1).

6 Recommendations for Exposure Control

Among the most effective means to prevent occupational injuries and illnesses are an-
ticipating potential occupational safety and health hazards early in the development
of the technology or process and incorporating safe practices into all design, imple-
mentation, and operation phases. Prevention through Design (PtD) is a management
tool for protecting workers from potentially unsafe work conditions. It emphasizes the
importance of employee health and safety through the design, construction, manufac-
ture, use, maintenance, and ultimate disposal or reuse of tools, equipment, machinery,
substances, work processes, and work premises [NIOSH 2010b]. PtD addresses occupa-
tional safety and health needs by eliminating hazards and minimizing risks to workers
throughout the life cycle of the process (Figure 2) [Schulte et al. 2008b]. Many nano-
technology research laboratories recognize PtD as a cost-effective means to enhance oc-
cupational safety and health and have incorporated PtD management practices within
their facilities [Murashov and Howard 2009].

Prevention through Design strategies follow the standard hierarchy of controlling work-
place hazards, which includes (1) eliminating, substituting, or modifying the nanoma-
terials; (2) engineering the process to minimize or eliminate exposure to the nanoma-
terials; (3) implementing administrative controls that limit the quantity or duration of
exposure to the nanomaterials; and (4) providing for use of PPE.

6.1 Elimination or Substitution

For nanomaterial researchers, it is often not feasible to eliminate or substitute the nano-
material. It may be possible, however, to change some aspects of the process in a way
that reduces release of the nanomaterial. For example, working with nanomaterials sus-
pended in a liquid is a significant improvement over working with them in dry powder
form, because the potential for airborne release is reduced in most laboratory processes.

10
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Figure 2. Prevention through Design

However, physical agitation of the liquid (e.g., sonication) may aerosolize small droplets
containing the nanomaterial [Johnson et al. 2010] (Figure 3).

Opportunities for eliminating the use of hazardous materials or substituting for less haz-
ardous forms do exist in other aspects of nanomaterials production. Engineered nanopar-
ticle research often requires the use of solvents and other potentially hazardous chemicals.
A recent article on optimizing the properties of carbon nanotubes (CNTs) reported that
eight different solvents were evaluated for the optimization; all eight solvents, including
the solvents benzene, toluene, ethyl ac-

etate, and dimethylformamide, were

considered toxic to different degrees [Ju 21.000%

et al. 2009]. Researchers should always e

attempt to identify and use chemical
processes that utilize nontoxic or less-
toxic alternatives whenever possible, in
order to minimize worker exposures
and environmental releases when the
process is scaled up to full production.
This control strategy, substituting a less
toxic material in production processes,
has been the focus of much research Figure 3. Aerosol droplets containing

during the past 20 years. One source nanomaterials ejected from vial during sonication

11
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for valuable information on process change or chemical substitution is the Toxics Use
Reduction Institute at the University of Massachusetts Lowell [www.turi.org].

It is also possible to substitute a less “energetic” operating condition, and thereby mod-
ify a process to make it inherently safer. An example of process modification was dem-
onstrated in a laboratory producing CNTs by chemical vapor deposition. Optimizing
the furnace reaction temperature maximized the production of CNTs while minimizing
the release of CNTs in the furnace exhaust [Tsai et al. 2009b].

6.2 lIsolation and Engineering Controls

Isolation includes the physical isolation of a process or piece of equipment either by locat-
ing it in an area separate from the worker or by placing it within an enclosure that will
contain the nanomaterials released. Engineering controls include any physical change to
the process or workplace that reduces contaminant emissions and subsequent employee
exposure. Several factors will influence the selection of exposure controls for nanomate-
rials, including quantity of nanomaterial handled or produced, physical form, and task
duration. As each one of these variables increases, exposure risk becomes greater, as does
the need for more efficient exposure control measures (Figure 4, adopted from NIOSH
[2009a]). Operations involving easily dispersed dry nanomaterials deserve more attention
and more stringent controls (e.g., enclosure) than those where the nanomaterials are sus-
pended in a liquid matrix or imbedded in a solid. Liquid nanoparticle suspensions rarely
pose a danger of inhalation exposure during routine operations, but they may represent a

mild/
reversible

severe/

— Occupational Health Hazard —— . aversible

kilograms 8 hours

Engineered Local
Exhaust Ventilation

. Task
Quantity Duration
Closed Systems
milligrams 15 minutes

slurry/suspension — agglomerated —— highly disperse
Physical Form

Figure 4. Factors influencing control selection
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significant hazard when aerosolized or in unexpected situations such as a spill. Nanoma-
terials incorporated into bulk solids may pose some risk if the solid matrix is cut, sawed,
drilled, sanded, or handled in any way that creates a dust or releases the nanomaterial.

6.2.1 Containment

Containment refers to the physical isolation of a process or a piece of equipment to prevent
the release of the hazardous material into the workplace. An example of process isolation
would be the location of a twin-screw extruder used to make CNT composites in a room
separated from the rest of the research facility. An example in chemistry labs is the use of spe-
cially designed separate storage cabinets for flammables, acids, and bases. Another example of
containment would be a glovebox, which is a sealed container with attached gloves that allows
the researcher to carry out process or tasks while being physically separated from the hazard.

6.2.2 Ventilation
General exhaust ventilation (GEV)

It is important that any laboratory working with nanomaterials have sufficient general
exhaust ventilation (GEV); however, it should not be the sole means of controlling nano-
material exposure. GEV is typically provided by the building’s heating, ventilation, and air
conditioning (HVAC) system. Recommended ventilation rates for general laboratory use
range from 4 to 12 air changes per hour, if LEV systems are used as the primary means
of exposure control [OSHA 1990]. Laboratories should have nonrecirculating ventilation
systems (preferably, 100% exhaust air), and lab pressurization should be negative to the
hallway [DiBerardinis 1993]. Additionally, the air supply and air exhaust should be care-
fully located so that supplied air passes through the area that is being controlled. The
exhaust should be as close as possible to the source of contamination, and the workers
should be positioned between the air supply and the source. Exhausted air should be dis-
charged away from windows, other air intakes, or other means of re-entry [ACGIH 2007].

Care must be taken to prevent the migration of nanomaterials into adjacent rooms or ar-
eas through the building’s HVAC system, because of area pressurizations and directional
airflows, or as a result of equipment and personnel moving from one area to another.

Local exhaust ventilation

A local exhaust ventilation (LEV) system with air cleaner is shown in Figure 5. Laboratory
settings would have chemical fume hoods, vented enclosures, and special devices con-
nected. The exhaust hood typically is next to or encloses the contaminant source to control
exposures at the source. Air flowing into the hood entrains the contaminants and carries
them through the duct, where they are either removed by an air cleaner or vented to the
atmosphere. Other LEV systems include biological safety cabinets and powder-handling
enclosures. Section 7.0 is dedicated entirely to LEV and its use with nanomaterials.

13
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Use good housekeeping in laboratories where nanomaterials are handled.

= Clean all working surfaces potentially contaminated with nanomaterials (e.g., benches,
glassware, apparatus, exhaust hoods, support equipment) at the end of each day with a
HEPA vacuum and/or wet wiping. Do not dry sweep or use compressed air.

= As an alternative to HEPA-vacuuming lab bench tops, bench top protective covering mate-
rial may be used.

= Make use of hand-washing facilities before eating, smoking, or leaving the worksite.

= Use facilities for showering and change clothes to prevent the inadvertent cross-contam-
ination of other areas (including take-home).

= Provide laundry service for contaminated work clothing.
= Do not eat or drink in the areas where nanomaterials are handled.

= Collect laboratory waste in sealed, labeled containers approved for the particular waste stream
in a manner that minimizes potential exposure during the transfer of waste into the container.
Store the container in secondary containment.

6.3 Administrative Controls

discharge

Administrative controls contribute to worker
exposure reduction, but they do not always
reduce the airborne concentration of the con-
taminant in the workplace. They often include
limiting exposure by reducing the time the
employee is handling the material, specify- icie
ing good housekeeping and other good work
practices, training employees, and implement-
ing proper labeling and storage of materials.
Administrative controls in some research lab-
oratories may include maintaining clean room
conditions [Schulte et al. 2008].

air cleaner /
dust collector

Hand-washing facilities should always be used
before eating, drinking, smoking, or leaving
the workplace. Food and drink should not be Figure 5. A local exhaust ventilation
permitted in the areas where nanomaterials system with air cleaner

are handled.

6.3.1 Employee Training

All employees working with engineered nanomaterials should receive training on the
associated hazards and risks. The OSHA Hazard Communication Standard, 29 CFR

14
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When working with nanomaterials, use space that is isolated as much as possible from
the rest of the lab, with as few people in that space as possible.

= Keep laboratory doors closed and limit access to the laboratory (e.g., via key cards) to
prevent unauthorized access.

= Post appropriate warnings in laboratories, including measures to be taken to protect labo-
ratory researchers and visitors from exposure risks.

= Use local exhaust in all areas of material collection and transfer where possible.

Cover all containers when not in use.

Use 100% fresh supply air. Do not recirculate room air.

1910.1200, requires that at a minimum, training should address means to detect the
chemicals in the workplace, the hazards associated with those chemicals, and proce-
dures to prevent exposure [OSHA 1994]. In addition training should include appro-
priate nanomaterial handling and storage procedures, proper use of PPE, cleaning of
contaminated surfaces or clothing, and proper disposal of nanomaterials or nanomate-
rial-contaminated objects [NIOSH 2008]. Employees should be educated regarding the
job tasks that may expose them to nanomaterials and the use of appropriate controls
and work practices to minimize exposure.

6.3.2 Labeling and Storage

Under the OSHA Hazard Communication Standard, 29 CFR 1910.1200, employers are
required to label all hazardous chemicals in the workplace. Nanomaterials should be
stored in labeled containers that indicate their chemical content and form. Liquids or
dry particles should always be stored in unbreakable, tightly sealed containers. Second-
ary containment should be used when appropriate. Appropriate signage indicating the
hazard, PPE requirements, and any other pertinent information should be posted at
entry points to areas where nanomaterials and other hazardous compounds are handled
or stored.

6.4 Personal Protective Equipment

Personal protective equipment (PPE) should be required when engineering and/or ad-
ministrative controls are not feasible or effective in reducing exposures to acceptable
levels and wherever it is necessary because of hazards. Protective equipment must be
used and maintained in a sanitary and reliable condition [OSHA 2008]. Based on the
uncertainty of the health risk of nanomaterials, it may be prudent to wear appropriate
PPE on a precautionary basis. PPE can include respirators, gloves, clothing, face shields,
safety glasses, and other garments designed to protect the wearer.
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6.4.1 Protective Clothing

There are no standards or guidelines for the use or selection of protective clothing or other
apparel for working with nanomaterials [OSHA 2008]. Suggested PPE consistent with
basic industrial hygiene practice includes the following:

» Clothing appropriate for a wet-chemistry laboratory, including closed-toe shoes
made of a low permeability material. (Disposable, over-the-shoe booties may be
necessary to prevent tracking nanomaterials from the laboratory).

» Long pants (without cuffs) and a long-sleeved shirt.

» Impervious laboratory coats (noncotton). (If nondisposable laboratory coats are
used, they should remain in the laboratory/change-out area to prevent nanopar-
ticles from being transported into common areas).

» All re-useable protective clothing should be laundered. The clothing should be
placed in closed bags before being taken out of the laboratory for cleaning in a
central, approved location.

= Safety glasses/goggles and/or face shields as appropriate, as determined in an as-
sessment of the hazard risk. A face shield alone is not sufficient protection against
unbound dry materials.

= Nitrile or other chemically impervious gloves, as appropriate for handling nano-
material powders and liquids. Suggested guidelines for the selection and use of
gloves are as follows:

— The proper selection of gloves should take into account the resistance of
the glove to the nanomaterial (if available) and, if the nanomaterial is sus-
pended in liquids, the liquid.

— Chemically resistant gloves can develop cracks when they are used, so gloves
should be changed whenever they show visible signs of wear.

— Contaminated gloves should be kept in a closed plastic bag in the work area
until disposal.

— If protective clothing and/or gloves are required, particular attention should
be given to preventing exposure to skin, especially abraded or lacerated
skin. (Figure 6 demonstrates improper and proper use of sleeves).

— Special attention should be given to the proper removal and disposal of con-
taminated gloves to prevent skin contamination.

— Gloves should also be routinely replaced to minimize the risk of exposure
and contamination of the work environment.
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Incorrect

Figure 6. Make sure that the coveralls and gloves do not allow nanomaterials to contact the skin.

6.4.2 Respirators

When the potential exists that workers may inhale nanomaterials due to a lack of effec-
tive engineering controls or during activities with higher nanomaterials exposure poten-
tial (e.g., emergencies), appropriate respirators, selected according to the NIOSH Respi-
rator Selection Logic [NIOSH 2005], should be used pursuant to the Occupational Safety
and Health Administration (OSHA) respiratory protection standard 29 CFR 1910.134
[OSHA 1992]. Figure 7 shows an example of a process where a respirator was worn when
working with nanomaterials.

The OSHA respiratory protection stan-
dard requires the development of a writ-
ten respiratory protection program for any
workplace where respirators are necessary
to protect the health of the worker or when-
ever required by the employer. The pro-
gram should include the following elements
[OSHA 1992]:

» Procedures for selecting respirators
for use in the workplace.

» Medical evaluations and fit-testing of
employees required to use respirators.

» Procedures and schedules for clean-
ing, disinfecting, storing, inspecting,
repairing, discarding, and otherwise
maintaining the respirator. Figure 7. Weighing of carbon nanotubes.
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Personal protective equipment should be used when there is the potential for exposure
to the nanomaterial.

= At a minimum, for all laboratory activities, wear impervious (non-woven) laboratory coats
(or coveralls, or a work uniform that covers the arms); long pants without cuffs: a long-
sleeved shirt; closed-toe shoes made of a low-permeability material, or disposable foot
covers; eye protection; and appropriate chemical-resistant gloves (depending on the
chemical exposure).

= Respiratory and face protection and jumpsuits or chemically resistant protective clothing
may be needed for laboratory activities, depending on the hazard or quantities of the
material(s) handled, the availability of appropriate controls, and the exposure risks.

= Respiratory protection should be selected in consultation with the laboratory occupational
safety and health professional according to the NIOSH Respirator Selection Logic.

= Follow proper procedures to properly select, maintain, don, doff, and decontaminate personal
protective clothing and equipment as described in the laboratory risk management plant.

= Provide an area outside of the contaminated area for donning and doffing PPE.

» Training of employees in the respiratory hazards to which they may be exposed,
and proper use and maintenance of the respirator.

» Procedures to evaluate the effectiveness of the program.

The NIOSH proposed recommended exposure limit (REL) of 7 pg/m? elemental carbon as
an 8-hr Time Weighted Average respirable mass airborne concentration for carbon nano-
tubes and carbon nanofibers, and 0.3 mg/m® for ultrafine titanium dioxide suggest respira-
tors may be necessary if expected exposures are above this level [NIOSH 2010a, 1994, 2011].
A properly fit-tested, half-face particulate respirator will provide protection at exposure con-
centrations 10 times the REL, while an elastomeric full facepiece respirator with P100 filters
will provide protection at 50 times the REL. NIOSH provides further guidance for selecting
respirators in the NIOSH Respirator Selection Logic 2004 [NIOSH 2005].

7 Local Exhaust Ventilation

Local Exhaust Ventilation (LEV) systems reduce or prevent exposure to airborne contami-
nants by capturing them at their source. The first element of a LEV system is the hood, of
which there are two basic types: enclosing and exterior [ACGIH 2007]. The most common
LEV system used in research laboratories is the laboratory chemical hood. An enclosing labo-
ratory chemical hood is shown in Figure 8. The hood, with its moving sash, is actually only
a partial, “three-sided” enclosure. Other common types of LEV include the exterior hood
(Figure 9), which is placed adjacent to the contaminant source. Due to the unknown hazard
potential of nanomaterials, a more conservative approach to ventilation control is dictated,
with an emphasis on enclosing systems.
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In general, enclosing hoods are preferred to exterior hoods,
because the contaminants are contained inside the hood it-
self. The hood provides a barrier between the worker and
the contaminant (this barrier is only partial for a laboratory
chemical hood when the sash is opened—see the discussion
on these hoods below). Sufficient airflow must be provided
through any openings in the enclosure to ensure that the
contaminants don't escape the hood. Airflow through open-
ings is usually specified as a certain required face velocity at
the opening, and the value depends on the hood design and
application [ACGIH 2007]. It can be difficult to choose the
proper face velocity to achieve adequate flow for enclosing
hoods with large openings. Most laboratory chemical hoods
are designed to operate at 100 ft/min face velocity, which
can create problems because of turbulence. Turbulence may Figure 8. Laboratory chemical
reduce the capture efficiency of the hood and may disturb |hs c;?,iigeoiﬁeﬂ;]a;;g)e work area
settled particles [NRC 2011]. This is discussed more fully

in the following section. Exterior hoods are less preferred
because they must create a capture velocity at the point of
contaminant generation to capture the contaminant and
draw it into the hood.

7.1 Laboratory Chemical Hoods

A properly designed and maintained chemical fume
hood can offer significant worker protection if used prop-
erly. There are many different hood designs, but the most
common categories are the conventional or constant-
flow hood, the bypass hood, and the variable air volume
constant-velocity hood. Examples of each are shown in
Figures 10-12. Positive pressure laminar flow hoods that
are designed for product protection and direct poten-
tially contaminated air toward the user are not consid-
ered local exhaust ventilation and are not recommended
for use to protect from nanomaterial exposures [Harford
2007]. All chemical hoods have certain common design Figure 9. Exterior hood (note
elements, including an exhaust fan to move air through that the work area is in front
the hood, a moving sash, exhaust slots, and a horizontal ~ ©°f the hood entrance)

work surface. The sash can move in either a vertical or

a horizontal direction. A crucial performance element

for any chemical hood is the face velocity, defined as the
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average air velocity at the face of the hood at the sash opening. Maintaining a constant,
minimum face velocity provides confidence that operations (and hazardous agents)
within the hood will be contained. Hood face velocity must be evaluated and controlled
by the facility’s engineering or health and safety staff. The current consensus of the lit-
erature is that the average face velocity for a laboratory chemical hood should be in the
range of 80-120 ft/min [Burgess et al. 2004]. The flow control system on a constant-ve-
locity hood should be adjusted to give a face velocity in this range. Each chemical hood
should be clearly marked with the proper hood sash location that will give the desired
face velocity; depending on the hood design, this could be a single location or a range of
locations. Containment verification using tracer gases to provide quantitative data and
smoke testing to visual airflow patterns is recommended when the hood is installed,
when substantial changes are made to the ventilation system, and periodically as part of
a preventive maintenance program. Testing should be performed following the ANSI/
ASHRAE 110 or equivalent protocol [NRC 2011].

In addition to the face velocity, it is important that the airflow be distributed evenly
across the hood face. ANSI/AIHA Z79.5 recommends that variations of face velocity
across the hood face should be within +20% of the average face velocity; however, some
laboratories select a stricter standard of +10%.

The constant-flow hood (Figure 10) constitutes the oldest, simplest chemical hood de-
sign. The exhaust fan introduces a constant volumetric airflow moving through the sash
opening. For this hood design, the face velocity is lowest when the sash is wide open;
when the sash is lowered the face velocity increases.

The bypass hood (Figure 11) maintains a constant hood face velocity and incorporates
a bypass grille located above the sash opening. When the sash is wide open it blocks the
bypass grille, allowing all of the air to flow through the hood opening. As the sash is
lowered, it uncovers increasingly greater amounts of the bypass grille, allowing increas-
ing amounts of air to flow through this alternative path. If it is designed and operated
properly, the amount of air flowing through the bypass grille is just sufficient to main-
tain a constant face velocity. Typically, however, this constant velocity can be main-
tained over a certain part of the sash’s total range.

The constant-velocity hood (Figure 12) uses a control system to detect the sash position,
face velocity and system pressure, and change the fan motor speed or other mechanism,
such as mechanical dampers, to increase the airflow when the sash is raised and de-
crease it when the sash is lowered, thus maintaining a constant face velocity.

Tsai et al. [2010] evaluated the efficiency of these three main types of laboratory chemi-
cal hoods to reduce exposure to aluminum oxide nanomaterials while manually han-
dling them inside the chemical hoods. They determined that the particle release to the
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Conventional

Figure 10. Conventional (constant-flow) laboratory chemical hood.

Figure 11. Laboratory bypass hood (note the by-pass chamber above the sash).
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Constant-velocity

Figure 12. Laboratory constant-velocity hood (note the flow monitor on the sash column)

worker’s breathing zone was greatest when using a constant-flow hood, as compared to
a bypass and a constant-velocity hood.

Saunders [1993] and DiBerardinis [1993] described basic elements that all chemical
hoods should incorporate. All laboratory chemical hoods should include, at a minimum,
the following design elements:

» A minimum width of 4 feet (wider is better, to allow flexibility in equipment use).

= A minimum sash open height of 30 inches.

» A bottom-front airfoil.

= A sash that is easily movable over its entire range of motion.

= A sash that holds its position over its entire range of motion.

= Side walls that are smooth, rounded, and tapered toward the inside of the sash

opening [Schulte et al. 1954].

In addition, the following factors relative to the hood location are very important for
proper hood performance

= Air currents outside a hood may disrupt the airflow at the face and therefore im-
pact the ability of a hood to contain the contaminant.
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» The hood should not be located next to any laboratory entry door or any other
high-traffic location.

» The hood should be at least 5 feet from any HVAC air supply grille; a distance of
10 feet is preferred.

The following practices are important for working in laboratory chemical hoods:

» The hood sash should be kept wide open during equipment set-up only; during
actual use, the sash should be lowered to the position that gives proper hood face
velocity.

» Equipment should be at least 6 inches behind the sash opening (many hoods
have a recessed floor starting at this distance, to encourage proper use).

» When working in the hood, the user should avoid working at the edge of the
hood and should minimize arm movements; all such movements should be slow
and smooth.

» Traffic past the hood should be minimized when nanomaterial powders are being
manipulated. Research has shown that the passage of a person past the hood face
at walking speeds creates a turbulent wake sufficient to pull contaminants from
the hood [Johnson and Fletcher 1996].

» During experiments, when no access is required, the sash should be kept either in
the same position as when work is performed (constant flow and bypass hoods)
or lowered to the fully closed position (constant velocity hoods).

» When using a local exhaust system, do not directly exhaust into the work envi-
ronment any eftfluent (air) that is reasonably suspected to contain nanomateri-
als. The exhaust air should be passed through a HEPA filter [NIOSH 2007] and,
when feasible, released outside the facility. If the exhausted air is recirculated,
then steps should be taken to ensure that recirculated air doesn’t contain the en-
gineered nanoparticle.

» Handle exhaust filters from the chemical hoods in a manner that minimizes ex-
posure. Put a plastic-lined bag around the filter at the source when removing it
so that particulates are not potentially released to the work environment. Wear
appropriate PPE during all maintenance and cleaning activities.

» Storage of materials in the chemical hood should be minimized or eliminated.
Materials stored in the hood can adversely affect the containment by disrupting
airflow. If items must be placed inside the hood, make sure they are placed near
the back and do not block the air slots.
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7.1.1 Working with Nanomaterial Powders in Chemical Hoods

Research performed at the University of Massachusetts Lowell [Tsai et al. 2009a] has
demonstrated that nanomaterial powders may be released back into the work area from
chemical fume hoods during tasks such as weighing or transferring from container to
container. Releases that are not detectable on a mass basis were found to have a very
high particle number concentration. Experiments performed on constant-volume and
bypass hoods demonstrated that working with the sash either too low or too high could
cause nanoparticles to escape from the hood. When the sash is too high, the face veloc-
ity can fall below the recommended minimum of 80 ft/min. This low face velocity and
the large opening created by the high sash allow random room air currents to enter
the hood, entrain airborne nanomaterials, and carry them out of the hood. When the
sash is too low, the face velocity can exceed the recommended maximum of 120 ft/min.
This causes a strong turbulent wake in the space between the worker and the hood face,
which can pull airborne nanomaterials from the hood. Because of the possibility of loss
of the nanomaterial at high face velocities, the correct sash height should be determined
for the specific process being carried out, based on the ability of the chemical hood
to capture the nanomaterial. Because of the potential to create turbulence, the hood
should be as uncluttered as possible, and the researcher should remove his arms or
other objects from the hood very slowly [Tsai et al. 2009a]. If the potential for material
loss exists or if exhaust filtration is infeasible, alternative exhausted enclosures should
be considered such as low flow enclosures or biological safety cabinets (see section 7.2).

7.1.2 New Hood Designs

Researchers are designing new lower-flow chemical hoods that may offer improved per-
formance for handling nanoparticle powders. In some studies, it has been noted that
hood face velocities of 100 ft/min may result in the loss of nanomaterial [Johnson et
al. 2010]. Lower-flow chemical hoods operate with face velocities of less than 100 ft/
min. However, at this time, there is very little research on the effectiveness of low-flow
fume hoods for handling nanoparticle powders. A recent hood design approach is the
air-curtain hood [Huang et al. 2007], which uses a downward air jet emanating from
a double-pane sash to isolate the interior of the hood from the exterior environment.
An evaluation of the hood at the University of Massachusetts Lowell [Tsai et al. 2010]
indicated that it can be effective at containing airborne nanoparticles.

7.2 Alternatives to Conventional Chemical Hoods

7.2.1 Glovebox Enclosures

A higher level of protection for handling dry powders is obtained by using a glovebox
enclosure [DiBerardinis 1993] (Figure 13). The primary advantage of using a glovebox
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is the protection it affords; when used properly to manipulate nanoparticle powders, a
glovebox should prevent exposure to the user. The disadvantages of using a glovebox
relate to the extra time required to move materials and equipment in and out of the
enclosure, the difficulty of manipulating nanomaterials when wearing gloves, and the
need to periodically clean the enclosure. The two most likely sources of exposure when
using a glovebox are the transfer of materials into and out of the box and the cleaning of
the box following its use. Both of these activities must be performed with extreme care.
Note that glovebox enclosures are sometimes used under positive pressure with respect
to the surrounding room (e.g., as shown in Figure 13), with an inert atmosphere such
as nitrogen to reduce the risks of fire, explosion, or oxidation. Such use can increase
the possibility of airborne releases from the enclosure. Proper leak-testing procedures,
in accordance with the American Glovebox Society Standards, should be followed to
verify containment.

7.2.2 Biological Safety Cabinets

Biological safety cabinets (BSCs) serve as a primary means of containment developed
for working safely with infectious microorganisms, such as viruses, bacteria, and fungal
spores [Chosewood et al. 2009]. BSCs are designed to provide personnel, environment,

L e v

Figure 13. Glove box enclosure (shown here under positive pressure for use with inert
atmospheres, rather than for enhanced containment of particles and gases)(MBRAUN; used with
permission).
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and product protection when appropriate practices and procedures are followed. Nano-
materials, whose size range is similar to that of bioaerosols (microorganisms that are
suspended in the air), should behave aerodynamically in the same manner. Addition-
ally, the HEPA filtration systems in BSCs should be equally effective in filtering nano-
materials and bioaerosols because of primary particle size. Therefore, it is reasonable to
assume that these cabinets will offer similar levels of protection against bioaerosols and
airborne nanomaterials. Three different classes of biological safety cabinets are defined
as follows:

= A Class I biological safety cabinet resembles a chemical hood, with the additional
requirement that the exhaust air must be treated before it is discharged to the
atmosphere.

= A Class I biological safety cabinet is designed to protect the operator, the prod-
uct, and the environment (Figure 14). It has an inward airflow through the
open sash to protect the operator, a downward flow of HEPA-filtered air to
protect the product, and a HEPA-filtered exhaust to protect the environment.
Class II cabinets are designed for use against low- to moderate-risk biological
agents. The four types of Class II cabinets are defined as A, B1, B2, and B3; each
type of Class II cabinet has different air recirculation percentages, and the level
of control increases from A to B3. Because air is recirculated in Class II type A
and B1 cabinets, tasks involving vola-
tile materials should not be performed
in these cabinets.

» A Class III biological safety cabinet is a
highly sophisticated glovebox. The sealed
enclosure is maintained at a negative stat-
ic pressure of at least 0.5 inches H,O, the
supply air is HEPA-filtered, and the ex-
haust air is either double-HEPA-filtered
or passed through a single HEPA filter
and then incinerated. Class III cabinets
are meant for the highest-risk biological
agents.

The most widely used class of biological safety
cabinet is Class II; this is the class most likely
to be available to researchers working with
nanomaterials. Because this cabinet type has

) ) O Figure 14. Class Il Biological Safety

lar to a laboratory chemical hood, it may be with permission)
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appropriate for use against dry powder chemicals as well as biological agents. Caution
must be taken, however, because the complex airflow patterns inside a Class II cabinet
create complex turbulence patterns that may adversely affect the researcher’s ability to
handle nanomaterials without loss. Class II, type A1 and A2 cabinets should be exhaust-
ed outside of the building via a “thimble” connection to avoid disturbing the internal
cabinet airflow, whereas type B1 and B2 cabinets should be hard-ducted [Chosewood
2009]. Researchers handling biological hazards in addition to nanomaterials should fol-
low all applicable regulations.

7.2.3 Powder Handling Enclosures

For a number of years, equipment manufacturers have offered ventilated enclosures
specifically for weighing and manipulating small quantities of dry powders. These were
first developed and marketed to the pharmaceutical industry, but they are now sold
as general purpose powder-handling enclosures. Systems can be self-contained, with
their own fan and HEPA filtration unit (an example is shown in Figures 15 and 16),
or connected to a central exhaust system. The exhaust can be ducted to the outside or

Figure 15. Powder-handling enclosure
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Figure 16. Close-up of a nanopowder transfer Figure 17. Example of a U-Frame antistatic
operation. device being used with a microbalance (photo
courtesy of METTLER TOLEDO).

recirculated into the room. One advantage of these devices is that they operate at much
lower flow rates and velocities than the chemical hoods. The internal turbulence is re-
duced significantly, lessening the potential for loss or ejection of the nanomaterial.

Figure 17 illustrates an electrostatic discharge unit that can be used to reduce electrostatic
charge on nanomaterials prior to transferring them from one container to another or to a
weighing station.

8 Methods for Exposure Control Verification

When verifying the effectiveness of exposure control measures, it is generally preferred
to measure the agent of interest using an exposure metric that directly relates to its toxi-
cological properties. However, for most nanomaterials, sufficient data are not available
to determine the most appropriate exposure metric. Effectiveness of controls can be
verified by the following means:

» Testing and certification procedures specified by ANSI Z9.5 and in ASHRAE 110.

= Qualitative indicators of proper installation and functionality of the control systems
(e.g., are gaskets, shrouds, and ventilation hoses in their required locations and free
of visible defects?).

» Quantitative indicators of proper installation and functionality of the control systems
(e.g., hood face velocities within proper ranges).

» Semi-quantitative measures of potential worker exposures, such as determinations of
airborne dust concentrations (e.g., airborne particle concentrations) near the expo-
sure control device (e.g., near the LEV; at the opening of the chemical hood).
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» Quantitative measures of worker exposures (e.g., personal sampling for the nano-
material of interest).

Verification has two purposes: (1) to ensure that the mechanical and procedural aspects
of the implemented controls are performing as specified, designed, and installed; and
(2) to ensure that implemented controls are maintaining nanomaterial concentrations
at or below the preset limit.

Verification is essential for the following reasons:

= Factors such as area pressurization, directional airflow, dilution ventilation rates,
and filtration efficiency can change.

» General or individual work practices can change.
» Task frequency and duration can change.

The verification begins with prioritization of all operations in which exposures may oc-
cur and selection of those processes in which samples will actually be taken, on the basis
of professional judgment. This enables an appropriate and effective focus of resources.

As noted in the NIOSH Approaches to Safe Nanotechnology: Managing the Health and Safety
Concerns Associated with Engineered Nanomaterials [NIOSH 2009a], exposure assessment
and control verification approaches can be performed with traditional industrial hygiene
sampling methods that include the use of samplers placed at static locations (area sampling),
samples collected in the breathing zone of the employee (personal sampling), or measure-
ments with real-time devices. The assessment should use both particle counters and filter-
based samples [NIOSH 2009a]. Filter-based samples can be used to identify the nanomate-
rial of interest with electron microscopy and elemental analysis (Figure 18).

In general, personal sampling is preferred to ensure an accurate representation of the work-
er’s exposure, whereas area samples (e.g., size-fractionated aerosol samples) and real-time
(direct-reading) exposure measurements may be more useful for evaluating the need for im-
provement of engineering controls and work practices. Other sampling techniques can be
used to measure airborne nanomaterials, but they require more expertise in their use and in-
terpretation of the data. Selected use of these advanced methods can produce useful data for
evaluating occupational exposures with respect to particle size, surface area, and morphology.

9 Periodic Re-evaluations of the Risk Management Program

Re-evaluations of the risk management program should be conducted on a scheduled
periodic basis (e.g., annually) and when new information becomes available or changes
occur in the workplace. Re-evaluations can foster iterations among the hazard tasks and
control steps to optimize application of the hierarchy of control.
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Figure 18. Area sampling for airborne nanomaterials

It is prudent to re-evaluate the risk management program when the following occur:
= Process or material modifications are made.
» New materials are introduced into the workplace.
» Modifications are made to the flow of work.
» Tasks are moved to a new location or workforce.
» New equipment is designed or installed.
= Production volume, speed, or frequency changes.
» Duration changes for operations with identified exposure risks.
= A new nanomaterial is handled.
» Physical form changes (for example, powders rather than suspensions).
» New equipment is designed or installed.
» New toxicology data are obtained.

» Medical surveillance trending suggests adverse effects.
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» Occupational illness is reported.
» The workforce changes.

» A validated sampling and analytical method is developed for the nanomaterial(s)
being used.

» Qualitative indicators (such as odor, visual observations, or employee reports) or
quantitative indicators (such as measurements) of exposure suggest a change in
control effectiveness.

10 Guidance on Developing a Control Scheme
(Control Banding)

Control banding is a qualitative strategy for assessing and managing hazards associated
with chemical exposures in the workplace. The concept is used to manage exposures to
potentially hazardous materials through the application of one of four recommended con-
trol approaches. This concept is based on the premise that although many chemical haz-
ards exist, there are a limited number of controls available. To determine the appropriate
control strategy, one must consider the characteristics of the substance, the potential for
exposure, and the hazard associated with the substance. As the potential for harm to the
worker increases, so does the degree of control needed to manage the risk [NIOSH 2009¢].

The four control bands are usually the following:

Band 1: Use good industrial hygiene practice and general ventilation.
Band 2: Use an engineering control, typically local exhaust ventilation.
Band 3: Enclose the process.

Band 4: Seek expert advice.

There are several control banding tools developed for use with nanomaterial exposures,
[Paik et al. 2008; Zalk et al. 2009; GoodNanoGuide 2009; Safe Work Australia 2012]. The
GoodNanoGuide (www.goodnanoguide.org) is an Internet-based platform for the ex-
change of ideas on handling nanomaterials, and it recommends a simplified approach
to control banding of nanomaterials (Figure 19). With this approach, nanomaterials are
grouped into three hazard groups: (A) known to be inert, (B) understand reactivity and
function, or (C) unknown properties. The exposure duration is described as Short (<4
hours/day, 2 days/week), Medium (4-6 hours/day, 3-5 days/week) or Long (>6 hours/day,
3-5 days/week). The potential for exposure is described through the state of the nanoma-
terial: bound (nanoparticles in a solid matrix), potential release (nanoparticles in friable
matrix), or free/unbound (nanoparticles unbound, not aggregated). These elements are
used to determine the recommended control band.
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Exposure Bound Potential Free /
Duration Materials Release Unbound
Hazard Group A (Known to be inert)
Shout 1 1 2
Medium 1 1 2
Long 1 2 2
Hazard Group B (Understand reactivity/function)
Short 1 2 2
Medium
Long
Short
Medium
Long

[ Band 1: Use good industrial hygiene practice and general ventilation.
[ Band 2: Use an engineering control, typically local exhaust ventilation.
[0 Band 3: Enclose the process.

[ Band 4: Seek expert advice.

Figure 19. GoodNanoGuide control banding matrix

Another tool, the CB Nanotool, bases the control band for a particular task on the overall
risk level (RL), which is determined by a “severity” score and a “probability” score (Figure
20). The severity score is determined by the sum of points assigned to the following factors:
surface chemistry, particle shape, particle diameter, solubility, carcinogenicity, reproduc-
tive toxicity, mutagenicity, dermal toxicity, and hazard potential of the nanomaterial and
the macro-parent material. The overall probability score is based on the following elements:
estimated amount of nanomaterial used during the task, dustiness or mistiness, number of
employees with similar exposures, frequency of operation, and duration of operation [Paik
et al. 2008]. The CB Nanotool is being used at the Lawrence Livermore National Laboratory
(LLNL) and can be downloaded at http://controlbanding.net/Home.html.

One limitation of the CB Nanotool and other control banding tools for nanomaterials is
that there are very few toxicological data on which to recommend control levels, other
than the highest two levels, and to evaluate the validity of the tool. As health hazard
studies continue to expand, and the understanding of the toxicity of nanomaterials im-
proves, the severity scores may be adjusted to reflect the new knowledge and thereby
affect the severity score to elicit a more defined control band [Zalk et al. 2009].

32


http://controlbanding.net/Home.html

General Safe Practices for Working with Engineered Nanomaterials in Research Laboratories

Probability
Extremely
Unlikely [ Less Likely Probable
(0-25) (20-50) (76-100)
Very High
(76-100) RL3 RL 3
Severity High
(51-75) RL 2 RL 2
Medium
(26-50) RL1 RL1 RL2 RL 3
Low
(0-25) RL1 RL1 RL1 RL2
Control bands:

RL 1: General ventilation

RL 2: Fume hoods or local exhaust ventilation
RL 3: Containment

RL 4: Seek specialist advice

Figure 20. Risk level matrix for the CB Nanotool

The Australian Control Banding tool is specific to carbon nanotubes [Safe Work Aus-
tralia 2012]. The exposure potential is based on the amounts and types of activities, and
determines the control band.

11 Fire and Explosion Control

Both carbon-containing and metal dusts can explode if they are aerosolized at a high
enough concentration and if oxygen and an ignition source are present. Because the
surface-to-volume ratio increases as a particle becomes smaller, nanoparticles may be
more prone to explosion than an equivalent mass concentration of larger particles. In
general, the potential and severity of nanomaterial explosions increase proportionally
to the quantity of combustible nanomaterials being used. Thus, bench-scale research
should present fewer explosion risks than work in pilot plants or full-scale manufactur-
ing facilities. Nonetheless, all researchers should avoid creating large, highly concen-
trated aerosols of combustible nanomaterials.
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12 Management of Nanomaterial Spills

Procedures should be developed to protect employees from exposure to nanomaterials
during the cleanup of spills and spill-contaminated surfaces. Inhalation and dermal ex-
posures will likely present the greatest risks. The potential for inhalation exposure during
cleanup will be influenced by the likelihood of nanomaterials becoming airborne, with
powder form presenting a greater inhalation potential than nanomaterials in solution,
and liquids in turn presenting a greater potential risk than encapsulated nanomaterials.

Until relevant health and workplace exposure information is available, it is prudent to base
strategies for dealing with spills and contaminated surfaces on the use of current good prac-
tices such as dust control and suppression. Standard approaches for cleaning powder spills
can be used for cleaning surfaces contaminated with dry powder nanomaterials. These in-
clude access control, using HEPA-filtered vacuum cleaners, wiping up dry powders with
damp cloths, or wetting the powder before wiping. Liquid spills containing nanomaterials
can typically be cleaned by applying absorbent materials/liquid traps. If vacuum cleaning
is employed, HEPA-filtered vacuums should be used, and care should be taken that HEPA
filters are installed properly and that vacuum bags are changed according to the manufac-
turer’s recommendations. Dry sweeping or air hoses should not be used to clean work areas.
As in the case of any material spills or cleaning of contaminated surfaces, the handling and
disposal should follow all applicable federal, state, and local regulations.

Equipment to contain and clean a nanomaterial spill should be readily available in or
near each laboratory working with such materials. A nanomaterial spill kit for a labora-
tory environment may contain the following:

» Barricade tape.

= Nitrile or other chemically impervious gloves.

» Elastomeric respirator with appropriate filters.

» Adsorbent material.

= Wipes.

» Sealable plastic bags.

» Walk-off mat (e.g., Tacki-Mat®).

» HEPA-filtered vacuum.

» Spray bottle with deionized water or other appropriate liquid.

13 Occupational Health Surveillance

Occupational health surveillance involves the ongoing systematic collection, analysis,
and dissemination of exposure and health data on groups of workers for the purpose of
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preventing illness and injury [NIOSH 2009b]. Occupational health surveillance, which in-
cludes hazard and medical surveillance, is an essential component of an effective occupa-
tional safety and health program [Harber et al. 2003; Baker and Matte 2005; NIOSH 2006;
Wagner and Fine 2008]. NIOSH continues to recommend occupational health surveillance
as an important part of an effective risk management program for nanomaterial workers.

Medical screening in the workplace focuses on the early detection of health outcomes for
individual workers and may involve an occupational history, medical examination, and
application of specific medical tests to detect the presence of toxicants or early pathologic
changes before the worker would normally seek clinical care for symptomatic presenta-
tions. Medical screening and resulting interventions represent secondary prevention and
should not replace primary prevention efforts to minimize employee exposures to nano-
materials. Medical surveillance involves the ongoing evaluation of the health status of
a group of workers through the collection and aggregate analysis of health data for the
purpose of preventing disease and evaluating the effectiveness of intervention programs.

Specific guidance for workers exposed to Carbon Nanotubes or Nanofibers is described
in the Draft NIOSH Current Intelligence Bulletin: Occupational Exposure to Carbon
Nanotubes or Nanofibers [NIOSH 2010a]. NIOSH has developed interim guidance rel-
evant to medical screening (one component of an occupational health surveillance pro-
gram) for nanotechnology workers (see NIOSH Current Intelligence Bulletin: Interim
Guidance on Medical Screening of Workers Potentially Exposed to Engineered Nanopar-
ticles [http://www.cdc.gov/niosh/docs/2009-116]).

If medical screening recommendations exist for chemical or bulk materials of which
nanomaterials are composed, they would apply to nanomaterials as well. A basic medical
surveillance program should contain the following elements [Trout and Schulte 2010]:

» An initial medical evaluation performed by a qualified health professional and
other examinations or medical tests deemed necessary by the health professional.

» Periodic evaluations including symptoms surveys, physical exams, or specific
medical tests based on data gathered in the initial evaluation.

= Post-incident evaluations.
» Employee training.

» Periodic analysis of the medical screening data to identify trends or patterns.

14 Conclusions

Given the growing body of knowledge about the potential hazards presented by work-
er exposure to engineered nanomaterials, it is important to protect researchers, labo-
ratory staff, and others who work in the laboratory (e.g., janitors). The full range of
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occupational hygiene controls will be necessary to limit exposures to nanomaterials as a
means to prevent adverse health outcomes in the research community. Engineering and
administrative controls can eliminate or minimize the amount of nanomaterials that
will be present in workplace air or settled on surfaces. Personal protective equipment
can be used where other types of controls are not available or practical.

Nanomaterial health and safety is a rapidly evolving field that must respond to new
information regarding nanomaterial toxicity and exposure potential. Thus, it is recom-
mended that researchers and health and safety professionals stay abreast of new devel-
opments in nanomaterial workplace protection as they are published, both in the peer-
reviewed literature and on credible Web sites such as those of NIOSH [www.cdc.gov/
niosh] and the GoodNanoGuide [www.goodnanoguide.org].
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