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NOTICE AND DISCLAIMER: This Recommended Practice is published by the Institute of Environmental
Sciences and Technology (IEST) to advance the technical and engineering sciences. Use of this document is entirely
voluntary, and determination of its applicability and suitability for any particular use is solely the responsibility of
the user. Use of this Recommended Practice does not imply any warranty or endorsement by IEST.

The information in this publication was considered technically sound by the consensus of persons engaged in the
development and approval of the document at the time it was developed. Consensus does not necessarily mean that
there is unanimous agreement among all persons participating in the development of this document.

IEST standards, recommended practices, and guideline publications, of which the document contained herein is one,
are developed through a voluntary consensus standards development process. This process brings together
volunteers and seeks out the views of persons who have an interest in the topic covered by this publication. While
IEST administers the process to promote fairness in the development of consensus, the organization does not write
the document and does not independently test, evaluate, or verify the accuracy or completeness of any information
or the soundness of any judgments contained in IEST standards, recommended practices, and guideline publications.

IEST disclaims liability for any personal injury, property, or other damages of any nature whatsoever, whether
special, indirect, consequential, or compensatory, directly or indirectly resulting from the publication, use of,
application, or reliance on this document. IEST disclaims and makes no guaranty or warranty, express or implied, as
to the accuracy or completeness of any information published herein, and disclaims and makes no warranty that the
information in this document will fulfill any of the particular purposes or needs of users of the document. IEST does
not guarantee the performance of any individual manufacturer or seller’s products or services by virtue of this
standard or guide.

In publishing and making this document available, IEST is not undertaking to render professional or other services
for or on behalf of any person or entity, nor is IEST undertaking to perform any duty owed by any person or entity
to someone else. Anyone using this document should rely on his or her own independent judgment or, as
appropriate, seek the advice of a competent professional in determining the exercise of reasonable care in any given
circumstances. Information and other standards on the topic covered by this publication may be available from other
sources, which the user may wish to consult for additional views or information not covered by this publication.

IEST has no power, nor does it undertake to police or enforce compliance with the contents of this document. IEST
does not certify, test, or inspect products, designs, or installations for safety or health purposes. Any certification or
other statement of compliance with any health or safety-related information in this document shall not be
attributable to IEST and is solely the responsibility of the certifier or maker of the statement.
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Institute of Environmental Sciences and Technology
Contamination Control Division
Recommended Practice 205.1

Nanotechnology Safety:
Application of Prevention through Design
Principles to Nanotechnology Facilities

IEST-RP-NANO205.1

1 SCOPE AND LIMITATIONS
11 Scope

. This Recommended Practice (RP) provides facility design information intended to minimize risks for personnel

- associated with nanotechnology research and production. Using “Prevention through Design” principles

. disseminated by the National Institute for Occupational Safety and Health (NIOSH), issues related to incoming

" materials, products, processes, and byproducts are addressed and methods of risk mitigation suggested [NIOSH
(2011a)]. Facility design and response systems for conditions including normal operation, external emergency, and
internal emergency are described. Information is provided to assist in the development of an effective
nanotechnology environmental health and safety program. This document is useful to all those involved in facilities
that develop or use nanomaterials.

This Recommended Practice (RP) is intended to complement IEST-RP-NANO200: Planning of Nanoscale Science
and Technologies Facilities: Guidelines for Design, Construction, and Start-up.

1.2 Limitations

CAUTION: Use of this RP is voluntary. It is the responsibility of the user to establish appropriate safety, security,
and health practices and to determine the applicability of regulatory limitations prior to use of this RP. It is beyond
the scope of this RP to cover all of the potential safety issues associated with the design and operation of
nanotechnology facilities. Relevant safety standards, national and local regulations, and building codes must be
consulted in designing facilities and developing safety plans and training programs.

Additionally, the following limitations apply:

1. This RP does NOT address toxicity and other hazards of specific nanomaterials. Use of this RP is limited to
the design principles that prevent exposure to hazardous and potentially hazardous materials. This RP is
intended to work in parallel with guidance documents for determining hazard levels for nanomaterials.

2. This RP is limited to operational issues as they apply to the design of the facility. A subsequent document
will address specific operational safety practices.

3. This RP does not address animal facilities.

4. Fugitive emissions from a process or a delivery system of airborne molecular contaminants (AMCs) and
surface molecular contaminants (SMCs) are not addressed within this RP. This RP does not address safety
implications of AMCs and SMCs. However, such emissions and safety implications should be considered
in any facility.

5. This RP does not address ambient nanomaterials. However, ambient nanomaterials may need to be
considered in the overall internal environment of the facility and in the overall risk assessment of the
facility operation.
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6. This RP does not address general energy sources such as high voltage, high amperage, laser, and radio
frequency (RF) magnetic and electric fields.

7. All guidelines for radiolabeled nanomaterials are superseded by—and supplemented by—the Nuclear
Regulatory Commission (NRC) and other applicable state and governmental regulations.

Information in this RP was the best available at the time of development and does not purport to encompass all
current information or resources on topics contained herein. Also, an effort was made to provide information and
principles that are generally applicable. However, the understanding of the effects of nanomaterials is increasing
rapidly, and current considerations should be explored and updated through the review of current resources,
publications, and websites such as NIOSH (see section 2).

2 REFERENCES

The cited editions of the following documents are incorporated into this RP to the extent specified herein.
Subsequent revisions of these publications do not automatically supersede the cited editions. Users should
investigate the applicability of revised editions of the references.

2.1 Documentation

21.1 American Glovebox Society (AGS)

AGS-G001-2007: Guideline for Gloveboxes

AGS-G002-1998: Standard of Practice for the Design and Fabrication of Glovebags

AGS-G003-1998: Standard of Practice for the Application of Linings to Gloveboxes

AGS-G004-2014: Standard of Practice for Leak Test Methodologies for Gloveboxes and Other Enclosures
AGS-G005-2014: Standard of Practice for the Specifications of Gloves for Gloveboxes

AGS-G006-2005: Standard of Practice for the Design and Fabrication of Nuclear Application Gloveboxes
AGS-G010-2011: Standard of Practice for Glovebox Fire Protection

AGS-G013-2011: Guideline for Glovebox Ergonomics

2.1.2 American National Standards Institute

ANSI/ISEA (International Safety Equipment Association) Z87.1-2015: American National Standard for Occupa-
tional and Educational Personal Eye and Face Protection Devices

21.3 American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
Standard 41.2-1987 (RA 92)—Standard Methods for Laboratory Airflow Measurement

Standard 62.1-2013—Ventilation for Acceptable Indoor Air Quality

Standard 110-1995—Method of Testing Performance of Laboratory Fume Hoods

2.1.4 American Society for Testing and Materials (ASTM)

ASTM E2535-07(2013) Standard Guide for Handling Unbound Engineered Nanoscale Particles in Occupational
Settings

2.1.5 European Committee for Standardization (CEN)

EN 15051:2006 Workplace atmospheres — measurement of the dustiness of bulk materials — requirements and test
methods

EN 61000-6-1:2007 (WI=16092) Electromagnetic compatibility (EMC) - Part 6-1: Generic standards - Immunity
for residential, commercial and light-industrial environments

. .. Documents
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2.1.6 Institute of Environmental Sciences and Technology (IEST)

IEST-RP-CC001.5: HEPA and ULPA Filters

IEST-RP-CCO007: Testing ULPA Filters

IEST-RP-CC012.2: Considerations in Cleanroom Design

IEST-RP-CC021.3: Testing HEPA and ULPA Filter Media

IEST-RP-CC024.1: Measuring and Reporting Vibration in Microelectronics Facilities
IEST-RP-CC026.2: Cleanroom Operations

IEST-RP-CC027.2: Personnel Practices and Procedures in Cleanrooms and Controlled Environments
IEST-RP-CC028.1: Minienvironments

IEST-RP-CC034.3: HEPA and ULPA Filter Leak Tests

IEST-RP-NANOZ200: Planning of Nanoscale Science and Technologies Facilities: Guidelines for Design,
Construction and Start-up

2.1.7 International Code Council (ICC)

International Building Code (IBC)

2.1.8 International Organization for Standardization (ISO)
1SO 10648-1:1997 Containment enclosures—Part 1: Design principles

ISO 10648-2:1994 Containment enclosures—Part 2: Classification according to leak tightness and associated
checking methods

ISO/TS 10798:2011 Nanotechnologies—Characterization of single-wall carbon nanotubes using scanning electron
microscopy and energy dispersive X-ray spectrometry analysis

ISO/TS 10867:2010 Nanotechnologies—Characterization of single-wall carbon nanotubes using near infrared
photoluminescence spectroscopy

ISO/TS 10868:2011 Nanotechnologies—Characterization of single-wall carbon nanotubes using ultraviolet-visible-
near infrared (UV-Vis-NIR) absorption spectroscopy

ISO/TR 10929:2012 Nanotechnologies—Characterization of multiwall carbon nanotube (MWCNT) samples

ISO/TS 11251:2010 Nanotechnologies—Characterization of volatile components in single-wall carbon nanotube
samples using evolved gas analysis/gas chromatograph-mass spectrometry

ISO/TS 11308:2011 Nanotechnologies—Characterization of single-wall carbon nanotubes using thermogravimetric
analysis

ISO/TS 11888:2011 Nanotechnologies—Characterization of multiwall carbon nanotubes—Mesoscopic shape
factors

ISO/TS 12025:2012 Nanomaterials—Quantification of nano-object release from powders by generation of aerosols

ISO/TR 12885:2008 Nanotechnologies—Health and safety practices in occupational settings relevant to
nanotechnologies

ISO/TS 12901-1:2012 Nanotechnologies—Occupational risk management applied to engineered nanomaterials—
Part 1: Principles and approaches

ISO/TS 12901-2:2014 Nanotechnologies—Occupational risk management applied to engineered nanomaterials—
Part 2: Use of the control banding approach

ISO/TR 13121:2011 Nanotechnologies—Nanomaterial risk evaluation
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ISO/TS 13278:2011 Nanotechnologies—Determination of elemental impurities in samples of carbon nanotubes
using inductively coupled plasma mass spectrometry

ISO/TR 13329:2012 Nanomaterials—Preparation of material safety data sheet (MSDS)
1SO 14644-1:1999 Cleanrooms and associated controlled environments—Part 1: Classification of air cleanliness

1SO 14644-2:2000 Cleanrooms and associated controlled environments—Part 2: Specifications for testing and
monitoring to prove continued compliance with 1SO 14644-1

1SO 14644-3:2005 Cleanrooms and associated controlled environments—Part 3. Test methods
1SO 14644-4:2001 Cleanrooms and associated controlled environments—Part 4: Design, construction and start-up
I1SO 14644-5:2004 Cleanrooms and associated controlled environments—Part 5: Operations

1SO 14644-7:2004 Cleanrooms and associated controlled environments—Part 7: Separative devices (clean air
hoods, gloveboxes, isolators and mini-environments)

1SO 14644-8:2013 Cleanrooms and associated controlled environments—~Part 8: Classification of air cleanliness by
chemical concentration (ACC)

ISO 14644-9:2012 Cleanrooms and associated controlled environments—Part 9: Classification of surface
cleanliness by particle concentration

ISO 14644-10:2013 Cleanrooms and associated controlled environments—Part 10: Classification of surface
cleanliness by chemical concentration

ISO/DIS 14644-12 Cleanrooms and associated controlled environments—Part 12: Classification of air cleanliness
by nanoscale particle concentration

1SO 15900:2009 Determination of particle size distribution—Differential electrical mobility analysis for aerosol
particles

ISO/TS 17200:2013 Nanotechnology—Nanoparticles in powder form—Characteristics and measurements

1SO 21501-1:2009 Determination of particle size distribution—Single particle light interaction methods—Part 1:
Light scattering aerosol spectrometer

ISO 21501-4:2007 Determination of particle size distribution—Single particle light interaction methods—Part 4:
Light scattering airborne particle counter for clean spaces

1SO 22412:2008 Particle size analysis—Dynamic light scattering (DLS)

ISO/TR 27628:2007 Workplace atmospheres—Ultrafine, nanoparticles, and nano-structured aerosols—inhalation
exposure characterization and assessment

ISO/TS 27687:2008 Nanotechnologies—Terminology and definitions for nano-objects—Nanoparticle, nanofibre
and nanoplate

I1SO 28439:2011 Workplace atmospheres—Characterization of ultrafine aerosols/nanoaerosols—Determination of
the size distribution and number concentration using differential electrical mobility analysing systems

ISO/TS 80004-1:2010 Nanotechnologies—Vocabulary—Part 1: Core terms
ISO/TS 80004-1:2014 Nanotechnologies—Vocabulary—Part 1: Core terms-Amendment

ISO/TS 80004-2:2014 Nanotechnologies—Vocabulary—Part 2: Nano-objects:nanoparticle, nanofibre and
nanoplate

ISO/TS 80004-3:2010 Nanotechnologies—Vocabulary—Part 3: Carbon nano-objects

ISO/TS 80004-4:2011 Nanotechnologies—Vocabulary—Part 4: Nanostructured materials

ISO/TS 80004-6:2013 Nanotechnologies—Vocabulary—Part 6: Nano-object characterization
. ISO/TS 80004-8:2013 Nanotechnologies—Vocabulary—Part 8: Nanomanufacturing processes
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2.1.9 International Society for Pharmaceutical Engineering (ISPE)

ISPE Good Practice Guide: Assessing the Particulate Containment Performance of Pharmaceutical Equipment
(Second Edition)

Biopharmaceutical Manufacturing Facilities Baseline® Guide (2nd Ed.)

2.1.10 National Fire Protection Association (NFPA)

NFPA 45: Standard on Fire Protection for Laboratories Using Chemicals. www.nfpa.org/45

NFPA 70E: Standard for Electrical Safety in the Workplace.
www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=70E

NFPA 101: Life Safety Code.
www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=101

NFPA 318: Standard for the Protection of Semiconductor Fabrication Facilities.
www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=318

2.1.11 National Institute for Occupational Safety and Health (NIOSH)

Bollinger, N. 2004. NIOSH Respirator Selection Logic, US Department of Health and Human Services, Centers for
Disease Control and Prevention, National Institute for Occupational Safety and Health (NIOSH).
www.cdc.gov/niosh/docs/2005-100/pdfs/2005-100.pdf

NIOSH (2009a). Current Intelligence Bulletin 60: Interim Guidance on Medical Screening of Workers Potentially
Exposed to Engineered Nanoparticles. www.cdc.gov/niosh/docs/2009-116/

NIOSH (2009b). Approaches to Safe Nanotechnology. Publication No. 2009-125.
www.cdc.gov/niosh/docs/2009-125/

NIOSH (2009c). Qualitative Risk Characterization and Management of Occupational Hazards: Control Banding
(CB). Publication No. 2009-152. www.cdc.gov/niosh/docs/2009-152/

NIOSH (2011a). Prevention through Design: Plan for the National Initiative. Publication No. 2011-121.
www.cdc.gov/niosh/docs/2011-121/

NIOSH (2011b). Current Intelligence Bulletin 63, Occupational Exposure to Titanium Dioxide. Publication No.
2011-160 www.cdc.gov/niosh/docs/2011-160/

NIOSH (2012). General Safe Practices for Working with Engineered Nanomaterials in Research Laboratories.
Publication No. 2012-147. www.cdc.gov/niosh/docs/2012-147/

NIOSH (2013a). Current Strategies for Engineering Controls in Nanomaterial Production and Downstream
Handling Processes. Publication No. 2014-102. www.cdc.gov/niosh/docs/2014-102/

NIOSH (2013b). Protecting the Nanotechnology Workforce: NIOSH Nanotechnology Research and Guidance
Strategic Plan, 2013-2016. Publication 2014-106. www.cdc.gov/niosh/docs/2014-106/

NIOSH (2013c). The State of the National Initiative on Prevention through Design. Publication No. 2014-123.
www.cdc.gov/niosh/topics/PtD/

NIOSH (2013d). Current Intelligence Bulletin 65, Occupational Exposure to Carbon Nanotubes and Nanofibers.
Publication No. 2013-145. www.cdc.gov/niosh/docs/2013-145/

NIOSH (2014a). Guide to the Selection and Use of Particulate Respirators Certified Under 42 CFR 84.
www.cdc.gov/niosh/docs/96-101/

NIOSH (2014c). Control Banding. www.cdc.gov/niosh/topics/ctrlbanding/

NIOSH (2014d). C. Geraci. Strategies for Occupational Exposure Limits for Engineered Nanomaterials.
Presentation at the 2014 American Industrial Hygiene Conference & Exposition.

NIOSH (2014e) NIOSH Pocket Guide to Chemical Hazards. www.cdc.gov/niosh/npg/
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2.1.12 Occupational Safety & Health Administration (OSHA), US Department of Labor

OSHA (2014) Occupational Safety and Health Standards, Personal Protective Equipment, Standard Number: 1910.134,
Respiratory Protection. https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=12716&p_table=standards

OSHA (2003) Personal Protective Equipment, Occupational Safety and Health Administration, U.S. Department of
Labor, OSHA 3151-12R. https://www.osha.gov/Publications/osha3151.html

OSHA (2011) Combustible Dust Expert Forum Meeting Summary Report.
http://www.osha.gov/dsg/combustibledust/expert_forum_summary_report.html

2.1.13 Santa Clara County, California Model Code

Toxic Gas Ordinance (TGO). Available from the South Bay Piping Industry at
www.shaypipe.org/assets/pdf/ TGO_Toxic_Brochure_single%20pages_0519.pdf

2.1.14 US Department of Health and Human Services (HHS)
CDC 21-1112: 2009 Biosafety in Microbiological and Biomedical Laboratories (BMBL), 5th Edition

U.S. Department of Health and Human Services, Public Health Service, Centers for Disease Control and Prevention,
National Institutes of Health, HHS Publication No. (CDC) 21-1112.
http://www.cdc.gov/biosafety/publications/bmbl5/index.htm

2.1.15 US Environmental Protection Agency (EPA)

Toxic Substances Control Act www.epw.senate.gov/tsca.pdf

2.1.16 US Nuclear Regulatory Commission (NRC)
NRC 10 CFR 30.15 www.nrc.gov/reading-rm/doc-collections/cfr/

2.2 Sources

ACGIH

American Conference of Governmental Industrial Hygienists
1330 Kemper Meadow Drive

Cincinnati, OH 45240

Phone: 513-742-2020

www.acgih.org

AGS

American Glovebox Society

526 So. E. Street

Santa Rosa, CA 95404-5138

Phone: 800-530-1022

Fax: (707) 578-4406

Email: ags@gloveboxsociety.org
www.gloveboxsociety.org/index.asp
‘ANSI

‘American National Standards Institute
25 W 43rd Street, 4th Floor

‘New York, NY 10036

:Phone: 212.642.4980

Fax: 212.302.1286

wWww.ansi.org
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ASHRAE

American Society of Heating, Refrigerating and Air-Conditioning Engineers
1791 Tullie Circle, N.E. Atlanta, GA 30329

Phone: 404-636-8400

Fax: 404-321-5478

www.ashrae.org/

ASTM

American Society for Testing and Materials
100 Barr Harbor Drive

West Conshohocken, PA 19428-2959
Phone: 610-832-9585

Fax: 610-832-9555

Www.astm.org

CFRs

Code of Federal Regulations

U.S. Government Printing Office Bookstore
710 North Capitol Street N.W.

Washington, DC

Phone: 202.512.1800

Fax: 202.512.2104

Email: ContactCenter@gpo.gov
www.gpo.gov/about/bookstore.htm

IBC

International Building Code

International Code Council

5203 Leesburg Pike

Suite 600

Falls Church, VA 22041-3401.

Phone: 703-931-4533
http://publicecodes.cyberregs.com/icod/index.htm

ICBO

International Conference of Building Officials
3916 Ranchero Dr.

Ann Arbor, MI 48108

Phone: 734-780-8000

Fax: 734-780-2046
www.techstreet.com/publishers/91

ICC

International Code Council

500 New Jersey Avenue, NW

6th Floor, Washington, DC 20001
Phone: 202-370-1800

Fax: 202-783-2348

Email: CareCenter@iccsafe.org.
www.iccsafe.org/Pages/default.aspx

IEST

Institute of Environmental Sciences and Technology
1827 Walden Office Square, Suite 400 |
Schaumburg, IL 60173 USA

Phone: 847-981-0100

Fax: 847-981-4130

WwWWw.iest.org
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ISO (National Standards)

In US, 1SO 14644 documents:

IEST

1827 Walden Office Square, Suite 400 |
Schaumburg, IL 60173 USA

Phone: 847-981-0100

Fax: 847-981-4130

WwWWw.iest.org

All other ISO Standards:

International Organization for Standardization
ISO Central Secretariat

1, ch. de la Voie-Creuse

Case postale 56

CH-1211 Geneva 20, Switzerland

Phone: 4122 74901 11

Fax: 4122 73334 30

E-mail: central@iso.org

WWW.i0.0rg

ISPE

International Society for Pharmaceutical Engineering
600 N. Westshore Blvd., Suite 900

Tampa, Florida 33609

Phone: 813-960-2105

Fax: 813-264-2816

WWw.ispe.org

NRC

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555-0001
Phone: 301-415-7000

WWW.Nrc.gov

NFPA

National Fire Protection Association
1 Batterymarch Park

Quincy, MA 02169-7471

Phone: 617-770-3000

Fax: 617-770-0700

www.nfpa.org

NIOSH

National Institute for Occupational Safety and Health
Centers for Disease Control and Prevention

1600 Clifton Rd.

Atlanta, GA 30333

Phone: 800-232-4636

www.cdc.gov/hiosh

SOUTH BAY PIPING INDUSTRY
400 Reed St. Ste. C,

Santa Clara CA 95050

Phone: 408-970-8578
www.shaypipe.org

3 TERMS AND DEFINITIONS

See Appendix A for a glossary of terms used in this document and related terms.
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4 INTRODUCTION

41 Prevention through Design

Prevention through Design (PtD) is a National Institute for Occupational Safety and Health (NIOSH) initiative
developed to improve workplace safety through the use of designed-in engineering controls. PtD is defined by NIOSH
as “addressing occupational safety and health needs in the design process to prevent or minimize the work-related
hazards and risks associated with the construction, manufacture, use, maintenance, and disposal of facilities,
materials, and equipment.” [NIOSH (2011a)]. For further information, please see The State of the National Initiative on
Prevention through Design [NIOSH (2013c)].

The IEST implementation of this initiative in regard to nanotechnology safety involves the documentation of facility,
process, maintenance, and material-handling design choices to prevent or minimize hazards in nanotechnology research
and manufacturing facilities.

The NIOSH PtD initiative provides the best solution to this complex set of challenges. In brief, the PtD initiative
proposes the utilization of engineering controls rather than relying on operational controls to maintain safety. For
example, fixed barriers would be designed into systems rather than relying on personal protective equipment (PPE).
Another example would be the use of card-access security systems to restrict access to potentially hazardous locations.

Implementing such controls during the design phase of a building, a process, or a product is a key element of the
PtD initiative. Early implementation allows for the use of more effective control methods, as the designer is not
constrained by existing architecture, machinery, or processes. Additionally, it is more cost effective to implement
controls early in the design cycle than to retrofit existing systems or place construction change orders.

A one-sentence summary of the goal of PtD is to “Make it easier to do it the safe way.” If building, process, and
product designs comprehend safety principles in their early-design stages, controls can be built in that lead people to
safe operation. Conversely, if doing something safely is awkward or difficult, personnel may be tempted to perform
the task in a less-safe manner. PtD tasks the designer with making the easiest way also the safest way.

The implementation of PtD in building design follows these principles:

1) Designers identify potential safety hazards in the early planning stages of the facility. A thorough hazard
assessment of facilities, processes, raw materials, finished products, and byproducts is completed and updated as
more information is obtained (see 5.2.2). The hazard assessment is a living document that is constantly updated
during the design process.

2) Each potential hazard provides an opportunity to mitigate the risk by designing engineering controls into the
facility. A control plan is developed which, like the hazard assessment, is updated as new information becomes
available and as the design process continues.

3) The use of procedural controls should be specified when appropriate engineering controls cannot be designed
into the facility, process, or product (see 5.2.3, hierarchy of controls).

4) Changes in the hazard assessment should always foster a review of the control plan [Manuele and Weaver (2009)].
4.2 Introduction to Nanotechnology

4.21 Technology development in the US

Nanotechnology as a unifying concept was initiated in the US as the National Nanotechnology Initiative (NNI)
described by Roco et al. (1999). The NNI is administered by a subgroup of the National Science and Technology
Council (NSTC), the Cabinet-level organization that coordinates science and technology policies across the Federal
Government. Roots of nanotechnology include aerosol and colloidal science, powder technology, polymers,
catalysts, and semiconductors.

The invention of the scanning tunneling microscope in 1981 by Binnig and Rohre [Binning and Rohre (1986)],
which led to a Nobel Prize, made it possible to “image” and eventually manipulate individual atoms. One of the key
concepts is that technology can be approached from either top-down or bottom-up points of view. The top-down
approach is the traditional method of fabricating products by starting with a large block and removing unwanted
material until the part has the desired function. The bottom-up approach is to build things from individual bits of
matter to form the desired part. One concept of intense research is self-assembly, whereby molecules would arrange
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themselves into useful shapes and devices. This leads to the concept that products could be designed and fabricated
at the most basic level. The three elements of nanotechnology as defined by the NNI include:

e To exploit the new phenomena and processes at the intermediate length scale between single atom or
molecule and approximately 100 molecular diameters, the range of approximately 1 to 100 nanometers.

o Applying the same principles and tools used at the intermediate length scale, to establish a unifying
platform for science and engineering at the nanoscale.

e To use atomic and molecular interactions to develop efficient manufacturing methods.

Nanotechnology is the continuation of a 300-year industrial trend to make products better, smaller, and faster. The
research has led to intense activity and is beginning to show signs of maturing beyond the laboratory.

If the extraordinary properties at small scale can be understood and engineered, nanotechnology could lead to a new
generation of high-performance products. A wide range of applications is envisioned, including communications,
energy conversion, and medicine. The global standard of living could be improved. It is believed that
nanotechnology would enable creation of global abundance and sustainable use of resources. In 1999 the NNI
developed a well-designed roadmap anticipating research focus on several generations of products with the
approximate initiation date indicated [Roco et al. (1999), Roco (2004)]:

e  First generation (2001)—passive nanostructures. Examples are nanoparticles for catalysis, coatings, and
advanced materials.

e Second generation (~2005)—active nanostructures. Examples are nanoelectronics, targeted drugs, and
Sensors.

Third generation (~2010)—three-dimensional nanosystems and systems of nanosystems.

e Fourth generation (~2015)—heterogeneous molecular nanosystems. This concept envisions that each
molecule in the nanosystem has a specific structure and plays a different role.

According to the Presidents Council (2005), however, the nanotechnology industry per se was quite small if defined
very narrowly. On the other hand, when including the large number of industries already use nanotechnology to
improve existing products (e.g., petrochemical, coatings, electronics, cosmetics, textiles, and pharmaceuticals), the
nanotechnology is quite large and having an important impact on the world economy.

In 2010, the NNI program was reviewed with respect to progress in the first 10 years of operation and a vision
developed for the next 10 years [Roco et al. (2010)]. It was concluded that progress had been rapid and the
predictions made in 1999 were not far off. A fifth generation of converging technologies such as nanotechnology,
biotechnology, and information technology will open even newer possibilities. The 2010 vision predicted that the
field would grow to a $3 trillion segment of the global economy by 2020.

4.2.2 Nanomaterials
A geometrical based hierarchy has been developed to describe nanomaterials. (ISO/TS 80004-1:2010,
ISO/TS:80004-2:2014) See section 7.

Nanomaterials are usually classified as discrete items into two broad categories: nano-objects and nanostructured
materials. Nano-objects have at least one dimension within the nanoscale. Nanoscale is defined as between 1 and
100 nm. Nano-objects are further divided into nanoparticles (three dimensions in the nanoscale), nanofibers (two
dimensions in the nanoscale) and nanoplatelets (one dimension in the nanoscale). Nanostructured materials may
have internal structures in the nanoscale. The desirable physical and chemical properties are obtained by controlling
chemical composition in addition to size and shape. Nanoparticles and nanofibers (including nanotubes) have
attracted the greatest interest from an environmental, health, and safety (EHS) standpoint. Nano-objects may be in
the form of agglomerates and aggregates, complicating description of the materials. Within this classification are a
wide range of materials and combination of materials intended to serve unique purposes.

Nanomaterials are used to manufacture, or are found in, a wide range of products. The implementation of
nanotechnology depends on the particular industry. Facilities may represent the chemical process industry,
semiconductor industry, or pharmaceutical industry, as examples. Some manufacturers of novel nanomaterials may
be quite small and may be first generation scale-up of a bench operation. In all nanotechnology operations, common
operations involving work with dry powder and liquid suspensions require careful consideration.

IEST-RP-NANO205.1 Institute of Environmental Sciences and Technology © IEST 2010 Ali rights[eserveshentldharin g Hub
Copyright Institute of Environmental Sciences and Technology
Provided by IHS Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: IEST RP-NANO205.12016


http://www.avadocuments.com/doc/iest-rp-nano205-1-2016
http://www.avadocuments.com/doc/iest-rp-nano205-1-2016

4.3 Nanotechnology safety

4.3.1 Risks

Exposure to engineered nanomaterials poses potential risks. This RP addresses emerging information related to
dealing with these potential risks solely in relation to the mitigation of risks as applied through facility design and
construction. Any additional context is informational. The recognition of the potential or presumed presence of
nanomaterials relates directly to this risk mitigation.

Interdisciplinary collaboration is a major strength of nanotechnology but also a significant concern regarding
nanotechnology safety. While a significant portion of the material included in this RP is well established in particular
industrial and research fields, these same safeguards are virtually unknown in other fields. This document attempts to
bring together these safeguards to provide guidance to help prevent or minimize risk in this interdisciplinary
environment.

EHS issues related to nanotechnology have been growing in importance as the field advances. The ability to invent
new materials has significantly outpaced the understanding of related toxicity and risk factors. Oberdorster et al.
(2005) reviewed highlights of what is known about the toxicology of nanomaterials and describes approaches for
screening these materials. Nanomaterials when incorporated into products are often embedded in coatings and
polymers, limiting accessibility to the environment. One concern is workplace safety at the intermediate stages of
processing, involving syntheses of nanomaterials or handling of nanoscale powders containing nanoparticles and
believed to have the greatest potential risk. NIOSH has issued a strategic plan for research to fill knowledge gaps
with respect to safety of nanomaterials [NIOSH (2013b)].

4.3.2 Control methods

Ability to control nanoparticles is a critical component of nanotechnology safety. During the early development of
nanotechnology, concern was expressed that air filtration might be ineffective for nanoparticles [Japutich et al.
(2007)]. The mechanisms for removal of airborne particles in filters include impaction, interception, diffusion, and
electrostatic attraction. Impaction and interception are effective for particles larger than approximately 300 nm.
Diffusional collection by Brownian motion is effective below approximately 300 nm and increases in efficiency as
the particle size is reduced. Studies indicated that air filters were effective for nanoparticle control due to diffusional
collection [Kim et al. (2007), Rengasamy et al. (2008)]. These studies indicated commercial filters with required
efficiency could be applied to gas stream cleanup, and appropriate commercial respirators could be safely applied
for personnel protection.

4.3.3 Emerging materials

In certain cases, new materials created as a result of research and development efforts would not yet have Safety
Data Sheets (SDSs). The generation of a safety plan for these materials generally involves a worst-case analysis
using analogous materials. Reference NIOSH (2013a) and NIOSH (2012); also see section 5.2.1(d4) of this RP.

5 PLANNING FOR ENVIRONMENTAL HEALTH AND SAFETY

CAUTION: It is beyond the scope of this RP to provide planning for all of the potential safety issues associated
with the design and operation of nanotechnology facilities. Relevant safety standards, national and local regulations,
and building codes must be consulted when designing facilities and developing safety plans and training programs.

5.1 Contents of a safety plan

As with any technology facility, nanotechnology facilities require a systematic design process that considers
applicable regulations as well as the best information available on the properties of the materials to be used on the
premises and characteristics of the planned processes or operations.

A nanotechnology EHS program should address, at a minimum, the following elements:

Design considerations (see 5.2 for details)
e ldentification of potential hazards
e Assessment of risks
e Design and hierarchy of appropriate controls
o Design, layout, and zoning considerations
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