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Key Terms

Upholstery textiles

Fabric or cloth material that is fixed to furniture (e.g., chairs), mattresses or transportation industry
components (e.g., seating, roof linings)

Flame retardant

A chemical or other manufactured material that has the ability to inhibit the combustion process and
increase the resistance of textile products to degradation associated with fire and flame.

DecaBDE The only polybrominated diphenyl ether (PBDE) that is fully brominated (i.e., all available hydrogen
atoms in the diphenyl rings have been substituted with bromine atoms) and therefore exists as a
single isomer (see BDE-209); commercial formulations of decaBDE may contain trace amounts of
lower brominated congeners (e.g., nona- or octaBDES) as impurities

BDE-209 The single isomer of deca-substituted BDE (see decaBDE) named as the final of the 209 possible

congeners of PBDE (many lower brominated PBDEs [e.g., heptaBDE] are composed of many
different congeners based on the exact position of the bromine atoms in the chemical conformation)

Multiwalled carbon
nanotube

Hollow nanoscale (i.e., with one or more dimensions in the range of approximately 1-100 nm) tubes
composed of multiple concentrically nested graphene sheets
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Preface

This document is part of continuing efforts by the U.S. Environmental Protection Agency (EPA)
to understand the scientific issues and information gaps associated with nanotechnology, consistent with
recommendations in the U.S. EPA Nanotechnology White Paper (2007) and U.S. EPA Nanomaterial
Research Strategy (2009). Although no national or international consensus definition for nanomaterials
exists, a current working definition is a material having at least one dimension on the order of 1 to 100 nm
(NSTC, 2011).

Previous EPA documents similar to this one focused on nanoscale titanium dioxide used in

drinking water treatment and in topical sunscreen (U.S. EPA, 2010d) and nanoscale silver used in

disinfectant spray (U.S. EPA, 2010e). The nanomaterials considered in this document are multiwalled

carbon nanotubes (MWCNTS), as incorporated into flame-retardant coatings for upholstery textiles. This
document does not represent a risk assessment, nor is it intended to serve as a basis for near-term risk
management decisions on possible uses of MWCNTS. Rather, it is a case study, the external review draft

(U.S. EPA, 2012b) of which served as the starting point for identifying and prioritizing research gaps that,

if pursued, could inform future assessments and subsequent risk management decisions for MWCNTS in

this application. In revising the external review draft of the case study (U.S. EPA, 2012b) to create this

peer review draft, EPA streamlined the document to clearly reflect the identified research priorities and
input from public comments and expert stakeholders.

Like the previous case studies, this case study of MWCNTS is based on the comprehensive
environmental assessment (CEA) approach, which consists of both a framework and a process.
The organization of this document reflects the CEA framework, the principal elements of which are
described in Chapter 1 of this document and largely represented in Chapter 2 through Chapter 5.

This document also contains information about a traditional (i.e., “non-nanoenabled”) product,
decabromodiphenyl ether flame-retardant upholstery coatings, against which the MWCNT flame-
retardant upholstery coating (i.e., the “nanoenabled” product) is compared. The primary purpose of

including a comparative element in the draft case study (U.S. EPA, 2012b) was to provide a more robust

database as a foundation from which to identify data gaps related to the nanoenabled product. Because it
has served its primary purpose, most of this comparative information has been moved to an appendix;
how the information about the traditional product might inform research planning for MWCNTS is

included in succinct textboxes in appropriate areas of the document.
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Following a general introduction to the materials and selected application in this case study in

Chapter 1; Chapter 2 highlights stages of the product life cycle for the nanoenabled product. Chapter 2

also identifies which stages in the product life cycle present opportunities for releases to the environment.
Chapter 3 then provides information on the transport, transformation, and fate processes affecting the
behavior of the nanomaterials, by-products, and transformation products in environmental compartments.
Chapter 4 characterizes exposure, uptake, and dose for nanomaterials, by-products, and transformation
products for different human populations and ecological receptors, after which Chapter 5 describes the
human health, ecological, and other impacts related to those exposures.

Collectively, these chapters represent the assembly of information across the vertical spectrum of
the CEA framework (Figure 1-1); as outlined in Chapter 1, however, this step is merely the first in the
CEA process (Figure 1-2). Next, a group of expert stakeholders representing a variety of technical

backgrounds and sectors used the draft case study document (U.S. EPA, 2012b) in a collective judgment
process to rate areas of the CEA framework in terms of importance for future risk assessments of
MWCNTSs and their confidence in the data to support risk management decisions. Concurrently, the case
study was posted for public comment. Traditionally, the Agency has responded to expert feedback and
public comments by making in-text edits directly to case study documents as appropriate. In the current
case study, EPA not only addressed feedback and comments through in-text edits, but also placed greater
emphasis on highlighting the outcomes of the collective judgment step through incorporation on new
elements and highlighting key sections of the case study; by doing so EPA hopes to facilitate research to
support the compilation of new information in the CEA framework for future iterations of the approach.
Chapter 2 through Chapter 5 now reflect the areas of the framework expert stakeholders judged essential
for future risk assessment and management decisions. Areas identified as lower priorities are discussed in
appendices of the document. In addition, new information identified through public or expert comments
on the draft (U.S. EPA, 2012b) is highlighted throughout this document in text boxes.

As described in more detail in Chapter 6, the identification of priority areas by a diverse group of

expert stakeholders is a key part of connecting research, risk assessment, and risk management for
MWCNTSs (areas that were not identified as priorities are discussed in Appendix G). The next critical step
in this process is to engage the broader scientific community in implementing research in areas identified
as important to consider in future risk assessments but which lack sufficient data to support risk
management decisions for MWCNTSs. Doing so will support the subsequent steps of the CEA process,
which involve a continued, iterative communication flow across the continuum of research, risk

assessment, and risk management.
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Executive Summary

Chapter 1: Introduction to this Document

Background

As part of an ongoing effort to identify research needs and data gaps in assessing the broad
environmental implications of nanomaterials, this case study focuses on a specific nanomaterial in a
particular application: multiwalled carbon nanotubes (MWCNTS) in flame-retardant coatings applied to
upholstery textiles. The selection of this specific nanomaterial and particular application was made with
input from representatives across the U.S. Environmental Protection Agency (EPA) and was based in part
on its relevance to EPA programmatic interests and the similarity in the potential for release and exposure
over the product life cycle compared to conventional flame-retardant materials that are being phased out
of use.

Like previous case studies of nanoscale titanium dioxide and nanoscale silver, this case study is
built on the comprehensive environmental assessment (CEA) approach, which is both a framework and a
process. The CEA framework (Figure 1-1) starts with the inception of a material and encompasses
environmental fate, exposure-dose, and impacts associated with that material. The framework also
considers differences in environmental media and the physical, chemical, biological, and social conditions
in which the material occurs. Here, the framework is used to organize information about MWCNTS in the
case study systematically. This information does not represent a completed or even preliminary risk
assessment; rather, it is intended to inform research planning. The External Review Draft of the document
provided a basis for identifying and prioritizing data gaps and research needs for MWCNTSs and other
nanomaterial assessments as part of the CEA process (Figure 1-2). Specifically, a group of expert
stakeholders representing diverse technical (e.g., toxicology, ecology, material science) and sector (e.g.,
industry, academia, government) perspectives engaged in a structured, collective judgment workshop
process such that each individual had equal input in identifying research priorities. To facilitate the
identification of key research gaps related to assessing MWCNTS in this application, the External Review
Draft case study provided a comparative perspective by also presenting information on a traditional flame
retardant, decabromodipheny! ether (decaBDE). The prioritized research gaps that emerged are intended
to inform decision-makers in the EPA and the broader scientific community in developing research
agendas that support future risk assessment and risk management goals for MWCNTS. These Priority

Research Areas for MWCNTS are the primary focus of this revised document, with information on
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decaBDE that supported identifying the priorities in the previous draft (U.S. EPA, 2012b), and are

presented primarily in Appendix H. Background information on decaBDE, however, is provided in
Chapter 1 to give the necessary context for reviewing the research priorities identified for MWCNTS. In
addition, text boxes with the title “DecaBDE Can Inform MWCNT Assessment” are provided throughout
the document to succinctly note how information on the conventional material might inform research
planning for MWCNTSs. Information on MWCNTS that pertains to areas that were not prioritized for
research is now located in Appendix G. Input on the External Review Draft case study from public and
expert stakeholders also is highlighted throughout the document and is recorded in Appendix |.

Given the purpose of the document, this case study does not purport to be a comprehensive
literature review; rather, available sources were incorporated specifically to support prioritizing and
subsequently planning research, as described above. As this case study involves an emerging technology,
some information, particularly regarding background or general concepts, was occasionally obtained from
non-peer-reviewed sources to supplement the published literature available. The most recent literature
search for this case study was conducted on May 11, 2012, using specific criteria to search the PubMed
database, Academic Search Complete, Environment Complete, and CINAHL (Cumulative Index to
Nursing and Allied Health Literature) for records published since previous searches in November 2011
and January 2012. Search terms included carbon nanotube*, carbon nanofiber*, CNT*, CNF*, MWNT?¥*,
MWCNT*, and SWCNT*. Additional targeted literature searches were conducted on November 13, 2012,

using search terms specific to topic areas identified in public and expert comments.

Introduction to decaBDE and MWCNT flame-retardant textiles

Production and importation of decaBDE are currently being phased out in the United States as a
result of voluntary commitments within the industry and EPA actions in response to concerns regarding
potential human health and ecological impacts. As a result, a range of alternative flame-retardant
technologies, including nanotechnologies, is being evaluated as potential replacements for this
extensively used material. This document presents information on a potential alternative flame-retardant
technology, MWCNTSs, in the context of the research priorities that could support future assessments of
this product. The primary purpose of this document is to inform research planning efforts for MWCNTSs
across the scientific community. In doing so, the document supports a key objective of the CEA approach;
to link research, risk assessment, and risk management efforts iteratively.

In developing research plans for MWCNTS, understanding the considerations involved in their
potential use in flame-retardant textiles is informative. Many manufacturers incorporated flame-retardant
materials into textiles to comply with state, federal, and industry fire-safety standards (i.e., certain flame

test performance criteria that must be met). Once applied, flame retardants act to inhibit the combustion
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process through a variety of physical or chemical means (e.g., producing inert gases that dilute the oxygen
supply available to the flame, producing protective char barriers) (Section 1.2).

Both decaBDE and MWCNTS can be mixed with binding agents and applied as coatings to
increase the flame resistance of upholstery textiles. In this application, the two materials are both referred
to as barrier technologies because they exhibit similar mechanisms of flame-retardant action: decaBDE
forms a protective char barrier and MWCNTSs form a network floccules layer (i.e., network of loosely
bound MWCNT bundles). The similarity in potential applications for decaBDE and MWCNTSs was a
primary reason for including the comparison of the two materials as flame-retardant coatings in
upholstery textiles in the External Review Draft of the case study, as the comparison informed the
identification of data gaps related to assessing possible risks and benefits associated with MWCNTS.
Moreover, the comparison of these materials highlighted MWCNT- and nano-specific factors that might
influence future research directions for nanomaterials and nanoenabled products. For example, unlike
with decaBDE, the physicochemical properties of MWCNTS are often intentionally altered during
synthesis; thus MWCNTSs are not a single material with a defined set of characteristics, but rather a
variety of materials—often present as mixtures—with vastly different physicochemical characteristics.
Such variation in the physicochemical characteristics of MWCNTS presents challenges in describing the
releases, behavior, and effects of exposure to MWCNTS as a class of materials (Section 1.3). Importantly,
MWCNTSs likely will be used in combination with other flame-retardant materials to provide sufficient
efficacy for the standards noted above (Section 1.2). In addition to introducing greater variability in
MWCNT behavior, exposure, and effects, the use of MWCNTSs in combination with other materials raises
important implications for the potential use of MWCNTS in this application (Additional Information
Highlight Box 3).

Chapter 2: Product Life Cycle

Little information is available on the commercial production and use of MWCNT flame-retardant
coatings, as few commercial-scale products currently exist. The manufacturing stages of MWCNT flame-
retardant textile coatings (Section 2.2), along with the use (Section 2.4) and reuse/recycling/end-of life
stages (Section 2.5), were identified as Priority Research Areas for upholstery textiles treated with
MWCNT flame retardants.

Based on the available data, releases of MWCNTS to the environment are expected to occur
throughout the life cycle of MWCNT flame-retardant upholstery textiles. The projected increase in
MWCNT production likely will result in increased environmental releases of MWCNTSs from flame-
retardant textiles or other MWCNT products. Most MWCNTSs released in the manufacturing stages are
anticipated to be in the free or bundled form (Footnote 11 in Chapter 2 explains this terminology), while
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most releases later in the life cycle are anticipated to be in the polymer or textile matrix-bound form.
Upholstery textile products are expected to have a long lifespan and likely will be disposed of in
municipal landfills or incineration facilities.

Air and water releases of MWCNTSs during manufacturing are expected to occur based on the
activities performed in manufacturing stages of the product life cycle. Although release is particularly
likely during mixing, handling, and equipment cleaning, releases are expected to be fairly well controlled
when proper ventilation and environmental controls are in place. Air releases of MWCNTSs have been
measured during material synthesis but no data are available regarding release to water during
manufacturing. Additionally, MWCNTS s typically require purification and functionalization, which also
could result in releases due to chemical and physical processing methods (Section 2.2). Activities like
textile and furniture processing might take place outside of closed systems and could result in
environmental releases of MWCNTS. Abrasion, washing, unintended use, and accidental exposure to high
heat or fire during the use stage could result in releases of MWCNTS (Sections 2.4 and 2.5).

No data are currently available on the volume or potential release of MWCNTS in the use stage of
the flame-retardant upholstery textile product life cycle. Based on decaBDE data, however, the potential
for release during this stage of the product life cycle could be relatively high. Similarly, no data currently
exist on the volume or potential release of MWCNTS in upholstery textiles at end of life. Nevertheless,
the physical and chemical processes (e.g., shredding, milling, chemical treatment) used to recycle textiles
also could lead to releases of MWCNTS. Air releases from land-filling of MWCNT flame-retardant
upholstery also could occur due to mixing and compacting. In addition, release in leachate from landfills
is possible if the product or polymer matrix degrades. Although incineration at end of life presents the
potential for airborne release of MWCNTS and by-products, preliminary experimental data suggest that
MWCNTSs will not be released to the environment when exposed to the sufficiently high temperatures of
municipal incinerators (Sections 2.4 and 2.5). Incomplete incineration during other stages of the product

life cycle, however, is one of the most likely airborne release scenarios for CNT textile coatings.

Chapter 3: Transport, Transformation, and Fate

Although MWCNTSs are incorporated into polymer matrices after the flame-retardant production
stage, little information exists that describes the environmental behavior of these polymer matrices. As a
result, Chapter 3 focuses on the transport, transformation, and fate of MWCNTSs and not the polymer
matrices in which they are incorporated. Environmental transport, transformation, and fate of MWCNTSs
in air, wastewater, and sediment were identified as Research Priority Areas. The environmental behavior
of MWCNTSs is dictated by their physical and chemical properties—surface area, surface chemistry,

morphology (shape), solubility, presence or absence of functionalization and surface coatings (e.g.,
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engineered coatings or natural organic matter), and hydrophobicity. The nanostructured morphology,
small size, and high surface area-to-volume ratio of MWCNTS can enhance chemical reactivity and
propensity of MWCNTS to form bundles; single MWCNTS, as compared to bundles, will differ in their
behavior in the environment (Section 3.1).

Recent literature regarding the behavior of airborne MWCNTS is extremely limited, and
dominant fate, transport, and transformation processes for MWCNTS in indoor and outdoor air are
unknown. In aqueous media, such as wastewater, the hydrophobicity and van der Waals interactions of
pure MWCNTS suggest they will bundle together or sorb to particles and be removed during the sewage
treatment process, or settle out into sediment in receiving water bodies. Physicochemical characteristics
of the MWCNTSs and environmental conditions, however, can alter this behavior. For example, the
presence of dissolved organic matter has been shown to debundle MWCNTS causing to them to remain in
solution. Similarly, surface coatings can affect the sorption behavior of MWCNTS in these systems and
influence their mobility, dispersion, and bioavailability in environmental media (Sections 3.2,

3.3, and 3.4).

Scientists have demonstrated the use of simple, deterministic models and more complex
probabilistic models to simulate movement of carbon nanotubes through, and predict environmental
concentrations in, environmental compartments. Differences in modeling approaches, model scale, and
model input data make comparisons across models for predicting environmental concentrations of CNTs
difficult. Nevertheless, a recent life-cycle-based analysis predicted the impacts of CNT synthesis in
aquatic systems by using output data from a single model of environmental concentrations. Nevertheless,
output data from a single model predicting environmental concentrations were used in a recent life-cycle-

based analysis to predict the impacts of CNT synthesis in aquatic systems (Section 3.5).

Chapter 4: Exposure-Dose

Several analytical challenges for nanomaterials combined with the lack of historical use of
MWCNTSs in consumer products have so far prevented MWCNTS from being detected in ambient media,
which could inform decisions related to potential exposures in human and ecological populations (Section
4.1). Human exposures to MWCNTS released throughout the flame-retardant textile coating life cycle are
expected to differ for workers, consumers, and the general public. Based on available information,
occupational and consumer exposures were identified as Priority Research Areas in the CEA collective
judgment workshop process for MWCNTSs. Workers can be exposed to various forms of MWCNTS (e.g.,
adsorbed to dust, as part of the polymer or textile matrix) via inhalation and ingestion of, and dermal
contact with, these substances during manufacturing, storage and distribution, and end-of-life activities. In

the workplace, the inhalation route is expected to represent the greatest potential for exposures, and
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MWCNTSs are expected to be in the particulate phase when inhaled. Little is reported about consumer
exposures to MWCNTS, especially those incorporated into flame-retardant textiles. Yet, based on
activities expected to occur during use, repurposing, or reuse of upholstered products, consumers might
be exposed to MWCNTS during each of these points in the product life cycle. The MWCNTS released
from finished products also are expected to be in particulate form, generally adsorbed to dust or
constituents of the polymer or textile matrix. The primary route of exposure (i.e., inhalation, ingestion, or
dermal) for consumers is unknown.

Developing exposure standards, guidelines, or recommendations for MWCNTSs is complicated by
the heterogeneity in MWCNT configurations and challenges measuring MWCNTS in occupational or
environmental settings. The National Institute for Occupational Safety and Health (NIOSH) established a
recommended exposure limit for elemental carbon, and several other occupational exposure limits have
been proposed by industry and international agencies (Section 4.2.5). In general, MWCNTSs appear to be
biopersistent and might remain in the lung for several months after inhalation. Limited studies show that,
after oral exposure, most ingested MWCNTS are eliminated with no detectable metabolism or transport
into the blood. Distribution to the liver, lungs, and spleen, however, has been reported following
intravenous exposure (Section 4.2). Notably, the bioavailability, and thus dose, of MWCNTS likely will
be based on whether they are bound in a textile matrix, bundled, or free (Footnote 11 in Chapter 2
explains this terminology).

No evidence is currently available to determine whether portions of the population might
experience higher exposure levels to MWCNTSs compared to the general population; however, the activity
of children and workers might increase total exposure levels of MWCNTS relative to the general
population (Section 4.2).

Exposure and dose in ecological populations were not deemed Priority Research Areas for
MWCNTSs in the CEA collective judgment workshop process, and thus information on these areas is now

located in Appendix G and Appendix H for MWCNTSs and decaBDE, respectively. The anticipated

increase in MWCNT production (Section 2.2.2) along with increases in potential applications of the
material could lead to an increase in the number and type of exposures experienced by workers,
consumers, and ecological populations. These changes are expected to increase aggregate and cumulative

exposures to different formulations of MWCNTS, transformation products, and by-products.

Chapter 5: Potential Human Health, Ecological, and Other Impacts

Expert stakeholders participating in the CEA collective judgment workshop process identified
human health impacts as a Priority Research Area for MWCNTSs. Toxicology studies conducted on

animals are the only identified data on human health impacts of MWCNTSs because no human data on
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effects of MWCNT exposure exist. All routes of exposure were examined in this case study because each
route (dermal, inhalation, and oral) offers potential for human exposures (Section 5.1). Toxicological
effects from MWCNT exposure in animal models have been evaluated predominantly after dermal and
inhalation exposures, rather than after oral exposure. Effects were generally localized and included
irritation (skin and ocular), sensitization (respiratory), and inflammation (respiratory). In addition,
MWCNTSs altered immunological function after exposure via inhalation for 14 days or via a single
intranasal injection. The carcinogenicity of MWCNTSs following inhalation exposure has not been
investigated; however, several studies using methods such as instillation indicate that some types of
MWCNTSs behave like asbestos, potentially inducing mesotheliomas, and might be more toxic than
asbestos (Section 5.1).

Expert stakeholders identified impacts in aquatic, but not terrestrial, biota as a Priority Research
Area. Considerations for the ecological impact of MWCNTSs include the toxicity toward different species,
types of effects, and potential for bioaccumulation and biomagnification. More than 20 studies have
investigated the effects of MWCNTS on aquatic species or aquatic systems; those studies indicate low
acute toxicity potential, with the effect level varying based on size and functionalization properties of the
MWCNTSs. Chronic studies show that MWCNTS can elicit immune responses and produce developmental
impacts (Section 5.2).

Other impacts, including economic or societal effects and alterations in environmental resources,
were identified as a Priority Research Area by expert stakeholders. No empirical data exist relating
MWCNTS to other impacts, but the background literature on processes involved in manufacturing similar
materials (e.g., carbon nanofibers, single-walled carbon nanotubes) provides some basis for concern
regarding potential impacts of MWCNTSs on energy demand, resource depletion, climate change, and
economics. These related studies provide a plausible foundation for suggesting that MWCNT
manufacturing can be an energy-intensive process potentially causing the depletion of nonrenewable
natural resources like fossil fuels, and that the synthesis of MWCNTS can result in emissions of other

compounds causing adverse environmental effects (e.g., volatile organic compounds; Section 5.3).

Chapter 6: Identifying and Prioritizing Research Needs to Support Risk Assessment
and Risk Management

The External Review Draft of this document served as the foundation from which expert
stakeholders participating in the CEA process could identify key data gaps and determine research
priorities. The information presented in this revised document focuses on those priorities to inform
ongoing research planning for nanotechnology in the general scientific community and at EPA. Results of

these research efforts could subsequently support future assessments and risk management efforts for
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MWCNTSs or other nanomaterials. Future evaluations of nanoenabled products, such as MWCNT in
flame-retardant textile coatings, could involve the consideration of risk-related trade-offs, for example,
thyroid health effects versus pulmonary health effects and environmental justice considerations versus
energy costs. This document therefore strives to inform research planning efforts that would support
conducting risk assessments that can inform risk management decisions about such trade-offs.

The research priorities discussed in the case study were identified by a group of diverse expert

stakeholders independently rating areas of the CEA framework based on two factors:

e Importance: how important an area is to consider in risk assessments of MWCNTS,

o Confidence: the availability and utility of current data to support risk management decisions

for MWCNTSs.

For those areas they identified as “Important” to consider in future risk assessments of MWCNTS,
stakeholders were asked to rate the relative importance and confidence in data related to the relationship
of the area with risk factors that might be considered in risk assessment or risk management efforts for the
area. Areas that experts most commonly identified as being of high importance to risk assessment, and
were not confident in the data to support risk management decisions, are considered high priorities for
research. In contrast, areas rated as of high importance and for which experts had confidence in the data
might be of interest to decision-makers for evaluating risk management options for MWCNTSs.

Most of the prioritized CEA framework areas were considered research priorities, including
release rates across the product life cycle; persistence and bioavailability in air, wastewater, or sediment,
and inhalation exposure in workers and consumers. Other areas identified as high Research Priority Areas
include absorption, metabolism, and excretion in humans, as well as impacts on human health, aquatic
biota, and other considerations (i.e., economic, societal, environmental resources). For a subset of these
areas, experts identified potential risk managment decisions in the context of an example risk scenario for
that area and noted the type of assessment(s) that could inform those decisions. Specific research
guestions to support such assessments also were identified, along with estimates of the financial and time
resources to carry out the research. Risk management decisions generally centered on choosing
appropriate control technologies or personal protective equipment, modifications to MWCNTS (e.g.,
reducing residence time in air by increasing aggregation potential), or limits on production and use of the
materials. Assessments to inform these and other types of risk management efforts included human health
risk assessments, cost benefit analyses, and life cycle assessments. Research areas to support such
assessments can be grouped into five general themes: (1) the influence of MWCNT characteristics on
release from the product matrix; (2) the influence of MWCNT characteristics and the product matrix both
on environmental transport and transformation, and on absorption across biological barriers (e.g.,

gastrointestinal tract); (3) development of analytical methods or tools to detect MWCNTS in complex
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matrices and measure exposures; (4) human health impacts of MWCNTSs and co-factors (e.g., solvents)
after acute and chronic exposures; and (5) improving public engagement in and understanding of potential
benefits and risks of nanotechnology.

The connection of specific questions within Priority Research Areas to the assessments and risk
management decisions they would subsequently support demonstrates the focus within the CEA approach
on linking communication across the continuum of research, risk assessment, and risk management.
Moreover, the specific questions are intended to provide more concrete support for strategic research

planning that informs future decision-making about MWCNTS.
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Chapter 1. Introduction to this Document

1.1. Background

Nanoscale materials (nanomaterials) have been described as having at least one dimension

approximately 1-100 nm (NSTC, 2011). Although this definition is not universally accepted and

continues to evolve, 100 nm is typically used as an upper bound, and this working definition is used as the
size standard in this case study. Engineered nanomaterials are intentionally synthesized at the nanoscale,
rather than being produced as incidental by-products of combustion or a natural process such as erosion,
to exploit the unique or novel properties that can arise from their small size. Like all emerging
technologies, engineered nanomaterials offer the potential for both benefits and risks, the assessments of
which depend on the availability of relevant data and other information.

This document is part of an endeavor to identify what is known and, more importantly, what is
not known that could be of value in assessing the broad environmental implications of nanomaterials. As
a case study, this document presents information about a specific nanomaterial in a particular application.
It does not represent completed or even preliminary assessments; rather, the External Review Draft
provided a starting point in a process to identify and prioritize possible research directions to support
future risk assessments of nanomaterials. The prioritized research gaps that emerged are the focus of this
revised case study document. As with previous case studies, these research priorities are intended to
inform decision-makers in the U.S. Environmental Protection Agency (EPA) as well as the broader
scientific community in developing research agendas that support future risk assessment and risk
management goals. Such information is expected to be considered in the context of the particular focus,
budgetary constraints, ongoing research, and other considerations of any organization; however, as
discussed below, by using a holistic framework paired with input from a diverse group of expert
stakeholders, the priorities identified through the comprehensive environmental assessment (CEA)
approach employed in this case study can provide a unique perspective on research directions to support
future risk management goals.

The focus of this document is a specific application of a selected nanomaterial: the use of

engineered multiwalled carbon nanotubes (MWCNTS) as an agent in flame-retardant coatings on

March 2013 11 DRAFT—DO NOT CITE OR QUOTE


http://hero.epa.gov/index.cfm?action=search.view&reference_id=1008451

© 0O N O O A W DN

W NN DN DD DN DN DD DNDDNDDDNDDDN P PP PR R R
O © 00 N O o A WON P O O 0O NOoO Ol B WDN - O

upholstery textiles.! As described in detail in Appendix A, several candidate carbon-based nanomaterials
and applications were identified as options for this case study using a systematic approach, and
professional judgment was then applied to narrow down the selection to a single nanomaterial and
application. First, candidate carbon-based nanomaterials were identified through initial strategic literature
and Internet searches, news reports, and basic literature search statistics (e.g., number of total hits,
number of hits in scientific databases). This approach provided an initial indication of overall data
availability and research interest within the nanotechnology and scientific communities for several
different broad groups of carbon-based nanomaterials (e.g., carbon nanotubes, carbon nanofibers,
nanocrystalline cellulose). This group was further narrowed using a more judgment-based approach to
evaluating suitability, including consideration of the available data for multiple applications of each
nanomaterial. Finally, five feasible candidates of unique nanomaterial and application pairs—carbon
nanofibers in cement, MWCNTSs in flame-retardant coatings, single-walled carbon nanotubes in textiles,
nanocrystalline cellulose in biodegradable packaging, and MWCNTSs in rubber tires—were selected based
on additional professional judgment of suitability.

The process for selecting the material-application pair of MWCNT flame-retardant coatings for
upholstery textiles as a CEA case study involved individuals representing EPA program offices, regional
offices, and Office of Research and Development laboratories and centers. Individuals were appointed by
their organization within EPA to be involved with development of nanomaterial case study documents.
They were encouraged to share information on the five selected candidate carbon-based nanomaterials
and applications with colleagues in their organization and to represent the views of their organization in
voting for their preferences. The two candidates receiving the most votes were MWCNTS in flame-
retardant coatings and composites and SWCNTSs in textiles. Rationale for selecting MWCNTSs and
SWCNTSs in each respective application included: relevance of both materials to Agency programs,
similarity in potential release and exposure over the product life cycle of textiles compared to existing
flame-retardant materials being phased out of use, greater availability of data compared to other candidate
applications, and potential for market expansion of CNTSs (see Appendix A). Based on input that
MWCNTSs were of greater interest (i.e., more widely produced than SWCNTs and might contain more
contaminants) and that an application involving textiles would be preferable, a hybrid option was selected
as the topic of this case study: MWCNTSs in flame-retardant coatings applied to upholstery textiles. This

selection does not imply that MWCNTS in flame-retardant coatings applied to textiles represents the

!Although flame retardants are commonly used in both upholstery textiles and furniture foam, this case study
focuses only on information relevant to the use of flame retardants as coatings on upholstery textiles. The extent to
which the information presented might be relevant to the use of flame retardants in furniture foam is not addressed.
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carbon-based nanomaterial and application with the largest current market share (see Section 1.3.2), but
rather was based on the selection factors noted above.
Using a similar selection process, EPA completed case studies of nanoscale titanium dioxide used

for drinking water treatment and for topical sunscreen (U.S. EPA, 2010d) and nanoscale silver used as an

agent in disinfectant spray products (U.S. EPA, 2010e). Unlike previous case studies, this case study

incorporates information about a traditional (i.e., “non-nanoenabled”) flame-retardant product,
decabromodiphenyl ether (decaBDE), against which the MWCNT flame-retardant coating (i.e., the
“nanoenabled” product) can be compared (see Section 1.1.4). As discussed in greater detail below (see
Section 1.1.3), the primary purpose of including comparative information on decaBDE was accomplished
with the External Review draft of this case study document (U.S. EPA, 2012b), and that information is

now primarily contained within Appendix H.

Part of the rationale for compiling a series of nanomaterial case studies is that the properties
associated with different nanomaterials are often complex and vary considerably within, between, or
among specific types of nanomaterial groups, nanomaterials in general, and different applications of
nanomaterials. As a result, applying generalities could result in overlooking key characteristics or
information. Focusing on a single example of an application of MWCNTS is not intended to represent all
ways in which this nanomaterial could be used or all issues that other applications might raise. By
considering this single application of MWCNTS, however, research directions can be identified that
would support future assessments of this material. Such information might be used more broadly as an
analog for other applications of MWCNTS or types of nanomaterials. For instance, research investigating
the influence of MWCNT surface treatment on potential release from flame-retardant textile coatings and
subsequent behavior in environmental media can also inform efforts to understand the influence of

surface treatment on the environmental behavior of MWCNTS in other applications.

1.1.1. Introduction to Comprehensive Environmental Assessment

This case study of MWCNTS, like the previous case studies of nanoscale titanium dioxide (U.S.
EPA, 2010d) and nanoscale silver (U.S. EPA, 2010e), is built on the CEA approach, which consists of

both a framework and a process, the principal elements of which are illustrated in Figure 1-1 and Figure

1-2, respectively. The uppermost box of Figure 1-1 lists typical stages of a product life cycle: research
and development (R&D), feedstock processing, manufacturing, storage and distribution, use, and disposal
(which would include reuse or recycling, if applicable).

Although not considered a life-cycle stage in typical life cycle analyses, R&D is included in

business models of product value chains. Because of the relatively large portion of resources and
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information associated with this stage for emerging materials, such as nanomaterials, R&D is considered
in the CEA framework. The actual volume of the material used in R&D is likely small but could represent
a significant proportion of the total market, particularly during product development, given the limited
number of full-scale commercial manufacturing efforts early in the life cycle for emerging materials. For
these materials, processes in R&D lend insight to full-scale commercial processes and might constitute an
important source of material release into the environment, as well as occupational exposures. Other CEA
applications focusing on traditional or more mature materials or technologies might provide minimal or

no information on the R&D portion of the product lifecycle, given that R&D would be less active.

Regardless of the material of focus, releases to the environment associated with any stage of the
product life cycle lead to what is depicted in the second box in Figure 1-1, which refers to transport,
transformation, and fate processes. These processes can result in the spatial distribution of both primary

and secondary contaminants in the environment. The chains of events represented in the CEA framework

occur within multiple environmental

media (air, water, sediment, soil) and

Cradle

Product Life Cycle — & Grave
RE&D - F kP ing - facturing -
Storage/Distribution - Use - Disposal/Recycling

under various conditions (physical,

chemical, biological, social). Also of
note are the single arrows connecting

one facet of the CEA framework to fEREiE

Exposure-Dose
Other Biota Abiotic Resources?

Natural features, structures, painted surfaces, ete.

the next, which represent a variety of

Humans

linkages, transfers, and feedback

loops. For example, the transfer of Tiscie
i B Health Ecological Other 2
material from one organism to another REIE I e BNV RS BT SiAMBTNE
through the food chain would
represent a bidirectional exchange Source: (U.S. EPA, 2011a

between transport, transformation, and Figure 1-1. Comprehensive environmental assessment
fate and exposure, uptake, and dose. framework.

The third box in Figure 1-1, The CEA framework is used to systematically organize complex information in

evaluations of the environmental implications of selected chemicals, products, or

exposure-dose, goes beyond technologies (i.e., materials). The framework starts with the inception of a material and

encompasses the environmental fate, exposure-dose, and impacts. Notably, the

sequence of events is not always linear when, for example, transfers occur between

media or via the food web. In addition, a variety of factors influence each event,

including differences in environmental media and the physical, chemical, biological, and

exposure refers to actual contact social conditions in which the material event occurs. Details on these influential factors
are thus included throughout the framework when possible.

characterizing the occurrence of

contaminants in the environment, as

between a contaminant and a receptor,

whether living or nonliving. Living
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organisms include humans and other biota.? Examples of nonliving, or abiotic, receptors include features
of the natural landscape, structures such as buildings and statues, and painted surfaces of vehicles and
other objects. Exposure can involve aggregate exposure across routes (e.g., inhalation, ingestion, dermal),
cumulative exposure to multiple contaminants (both primary and secondary), and various spatiotemporal
dimensions (e.g., activity patterns, diurnal and seasonal changes). Dose is the amount of a substance that
enters an organism by crossing a biological barrier or which deposits on an inanimate object.

As part of a chain of cause-effect events, dose links exposure with potential impacts of various
types, as indicated in the last box of Figure 1-1. Human health effects might result when a certain
delivered dose reaches a target cell or organ. In an ecological context, effects might occur when a stressor
reaches a level sufficient to cause an adverse outcome in biotic or abiotic receptors. Impacts encompass
both qualitative hazards and quantitative exposure-response relationships and can extend to aesthetic
(e.g., alterations in visibility, taste, and odor), climate change, energy consumption, resource depletion,
socioeconomic, and other effects. Such effects are considered in the CEA framework, but their ultimate
inclusion would depend on whether the compiled information indicates that such effects could reasonably
be expected to occur. As discussed below, the inclusion of such information in the CEA framework
should influence the selection of the technical experts for the next step of the CEA process.

Not reflected in Figure 1-1 is the role of analytical methods that make detecting, measuring, and
characterizing nanomaterials in the environment and in organisms possible. Characterizing a substance of
interest (e.g., determining its chemical identity, reactivity, purity, and other properties) is fundamental to
the assessment of any material. Thus, if adequate analytical techniques have not yet been developed or
need refinement, methods development must be included in research efforts to inform future assessments.
For simplicity, such information is not included in this high-level view of the CEA framework. For the
purpose of this document, analytical methods for the materials in this case study are presented in detail in
Appendix B.

As previously mentioned, the CEA approach consists of both a framework and a process.
Compiling the information described above into the CEA framework is the first step of the CEA process
(Figure 1-2). Starting with the holistic perspective of the CEA framework facilitates identifying
information pertinent to consider for the material of focus, which in turn supports problem formulation
and scoping for assessment purposes. Next, a collective judgment process is used to evaluate and
prioritize this information. Collective judgment, as applied in the CEA process to date, refers to a formal,
structured procedure enabling a range of participants to be heard individually and to be represented in a

transparent record of the collectively reached outcomes. Collective judgment supports an essential feature

*The term biota is used throughout this document to refer to all living organisms other than humans.
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of CEA: the inclusion of diverse
technical and stakeholder perspectives
to ensure that a holistic evaluation is
achieved (U.S. EPA, 2010h).

Prioritization is a key objective

in this holistic evaluation within the
CEA process. Depending on one’s
objectives and the state of the science
surrounding an issue, CEA can be used
to prioritize (1) information gaps
leading to development of a research
plan that will support future assessment
efforts and (2) risk trade-offs leading to
development of an adaptive risk
management plan. As depicted in
Figure 1-2, these uses of CEA cross
over from conducting assessments into
management efforts after the initial
identification and prioritization of
information. Specifically, this transition
encompasses the use of prioritized

information by research planners and

e
)
. b
Collective @
]
Judgment a
Based on Diverse Perspectives
Prioritize | Prioritize Risk
Research =
Develop Develop Risk 2
Research Plan ManagementPlan §
Monitor, Evaluate
Conduct Research Outcomes

Source: (U.S. EPA, 2011a)

Figure 1-2. Comprehensive environmental assessment
process.

The CEA process involves a series of steps that result in judgments about the
implications of information contained in the CEA framework. Compiling information in
the CEA framework is fundamental for a given material, but is only a first step in the
CEA process. Next, the information in the framework is evaluated using a collective
judgment technique (i.e., a structured process that allows the participants
representing a variety of technical and stakeholder viewpoints to learn from one
another, yet form their own independent judgments). The result of the collective
judgment step is a prioritized list of risk trade-offs or information gaps that then can
be used in planning research and developing adaptive risk management plans.

The knowledge gained from these research and risk management activities feeds
back in an iterative process of periodic CEA updates.

risk managers in their evaluations, which subsequently inform research and risk management decisions.

In either instance, CEA is meant to be iterative; thus, the results of research, assessments that are carried

out with new research results, and risk management efforts would be used to update the CEA framework

after some period of time determined by those conducting the CEA process. At present, the CEA

framework and process are being applied to help refine research planning for nanomaterials, with

particular focus on a specific nanomaterial application. As the knowledge base grows for nanomaterials,

the availability of more complete information will make the identification and prioritization of risk-risk

and risk-benefit trade-offs feasible, and the path leading to risk management (as shown in Figure 1-2) will

be pursued. Such prioritized risk-related trade-offs would be only one source of information that risk

managers could consider when making judgments about risk management options in the context of

relevant legal, political, and other considerations. Yet, the use of the holistic CEA framework together

with diverse stakeholder input in the development of such priorities will make them a unique resource that

March 2013

1-6 DRAFT—DO NOT CITE OR QUOTE


http://hero.epa.gov/index.cfm?action=search.view&reference_id=625483
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1065563

© 0O N o o1 b W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

is responsive to current recommendations to further refine risk assessment and management approaches

(see Chapter 6).

1.1.2. Purpose of this Document

This document has been revised from the External Review Draft that was used in the collective
judgment step of the CEA process applied to MWCNTSs (Eigure 1-2). As a revised case study, it provides
a basis for considering the outcomes of the collective judgment process to aid research planning that
supports long-term assessment efforts; it does not, however, purport to present an exhaustive review of
the literature. Furthermore, this case study is not an actual risk assessment and does not provide
conclusions on potential ecological or human health impacts related to MWCNTS. As discussed further
below, this document is focused on highlighting data gaps to inform risk assessment and risk management
processes related to MWCNTS, and, as such, it does not discuss benefits. A variety of potential economic,
social, and other benefits would likely need to be considered in future evaluations of risk-related trade-
offs for nanomaterials such as MWCNTSs [e.g., Wang and Shapira (2012), Bonner (2011)].

It must be emphasized that this case study has been developed without a specific regulatory or
policy objective in mind. Within the United States, regulatory decisions for nanomaterials may be made
by a number of federal agencies (e.g., EPA, Food and Drug Administration, Consumer Product Safety
Commission, Occupational Safety and Health Administration) under a variety of legislative frameworks
(e.g., Toxic Substances Control Act [TSCA], Federal Food Drug and Cosmetic Act). As discussed in
Chapter 6, TSCA is one of the statutes under which EPA currently considers nanoscale substances.
Considerations of nanoscale substances under TSCA begin with a determination of whether the substance
is already included on the TSCA Chemical Substance Inventory based on whether the substance has the

same molecular identity as a substance listed on the Inventory (U.S. EPA, 2008c). Determinations of

whether nanoscale substances are new or existing substances are currently made on a case-by-case basis
(U.S. EPA, 2008c).

A variety of efforts are underway to increase the scientific body of knowledge such that

regulatory decisions through TSCA or other statutes could move beyond a case-by-case approach. These
include several research frameworks applicable to, or exclusively for, nanomaterials and intended to
support future assessments and subsequent risk management of these materials [e.g., (U.S. EPA, 2009),
(NRC, 2012), and (OECD, 2012). These frameworks and the CEA approach share a number of common

elements (e.g., focus on product life cycle, identifying environmental fate mechanisms and exposure

sources, importance of stakeholder engagement), yet as described above, the CEA approach incorporates

decision-support tools to engage stakeholders beyond that seen in other frameworks to date (Figure 1-2).
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This document presents information in the CEA framework for MWCNTS, as potentially used in
flame-retardant coatings applied to upholstery textiles, in the context of the outcomes that emerged from
engaging expert stakeholders in the CEA process for this material. This case study begins with a general
overview in Chapter 1 of textiles and flame-retardant systems and where MWCNTS fit into that context,
as well as detailed introductory information on decaBDE in the context of textiles and flame-retardant
systems. Throughout the main body of this document (Chapter 2 through Chapter 5), the focus is on
highlighting what is known and not known related to each portion of the CEA framework identified as a
research priority in the CEA collective judgment step for MWCNTS in flame-retardant coatings. As such,
in these chapters readers are referred to Appendix H for the detailed information regarding decaBDE at

each stage of the CEA framework; however, highlight-level information on decaBDE is presented in

select tables, figures, and text boxes (see Section 1.1.4 and Appendix I) to provide a succinct comparison
between MWCNTSs and decaBDE in this particular application with the intention that such comparisons

might inform MWCNT research planning.

1.1.3. How the CEA Framework and Process Were Applied

An important aspect of the CEA approach is the ability to examine the relative risks and benefits
of, for example, different products or different formulation options, to aid in risk management decisions.
The particular comparison to focus on in an application of CEA would be guided by risk management
objectives. For example, MWCNT flame-retardant coatings applied to upholstery textiles might be
compared to conventional flame-retardant products, a different nanoenabled flame-retardant formulation,
a flame retardant not applied as a coating, or some other variable. Although several different options
could be of interest to risk managers, considering every potential option in the present case study is not
feasible. Therefore, this document focuses solely on a comparison of MWCNTSs and a traditional flame
retardant, decaBDE, as they might be used in flame-retardant coatings for upholstery textiles, including
those used in homes and nonresidential areas such as public buildings and automobiles.

In the External Review Draft of this case study, the comparison between decaBDE and MWCNTs
provided: (1) a more robust database (i.e., that of a traditional product that has been relatively well
characterized) as a reference for identifying data gaps relating to a nanoenabled product; and (2) a context
for identifying key factors and data gaps related to assessing the risk-risk and risk-benefit trade-offs
between a nanoenabled product and a non-nanoenabled product. Although the specific characteristics,
exposure patterns, and effects associated with the use of MWCNTS and decaBDE are expected to differ
substantially, the data needed to inform risk assessment and risk management decision-making are

comparable; thus, the comparative framework was used to help determine whether relevant information
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(e.g., dominant exposure pathways, sensitive populations) is available and sufficient to inform future risk
decision-making, and by extension, to identify key data gaps that could be pursued.

The External Review Draft of this document represented the “Compile Information in CEA
Framework” step of the CEA process (Figure 1-2), and thus supported the next step of the process:
evaluating the data in the framework using a collective judgment technique to identify and prioritize
information gaps about MWCNTS. The collective judgment prioritization technique used for this case
study was funded by EPA and conducted independently by an EPA contractor, RTI International. Details
related to the collective judgment method and its outcomes are described in a separate report prepared by

RTI International (RTI, 2012). A summary of that process is described here with the outcomes discussed

in greater detail in Section 6.3.

In the collective judgment step of CEA applied to MWCNTS, selected experts representing
diverse sector (e.g., industry, academia, government) and technical backgrounds (e.g., toxicology,
ecology, material science) were first asked to read the External Review Draft of the case study. Next, they
were asked to consider what elements of the CEA framework were most important to understanding, and
therefore managing, the most significant risks associated with MWCNTS.

The experts identified important areas by independently rating areas of a more detailed view of
the CEA framework (Figure 1-3). This detailed CEA framework illustrates discrete elements (blue boxes
in top left of Figure 1-3), or discrete pathways within the broad levels of the CEA framework (e.g.,
Product Life Cycle, Exposure in Figure 1-1). Each element is associated with “risk relevance factors”
(green boxes in top left of Figure 1-3), which might be considered in risk assessment or management
efforts of a material, such as MWCNTSs.

Experts were asked to rate the importance of each element of the detailed CEA framework as
important, possibly important, or least important. If they rated the element important, they were then
asked to rate (1) the importance of each element-risk relevance factor pair (E-RRF) using the same scale,
and (2) their confidence in the availability and utility of current data for the E-RRF to support risk

management decisions (as confident, somewhat confident, or not confident).
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These ratings were collected in each of the three rounds of collective judgment prioritization used
for this application of CEA:

Round 1: Thirty-one selected participants entered their individual opinions on the E-RRF
pairs in a spreadsheet and submitted the spreadsheet to a secure online platform (website);

Round 2: Twenty-eight of the original 31 participants® viewed the compiled opinions of the
wider group through a series of bar charts and tables available via the website and were given
the opportunity to re-enter their opinions;

Round 3: A subset of participants (13) attended a structured workshop where they:
a. discussed their opinions in a structured collective judgment technique,

b. finalized research priorities through a third round of individually rating all E-RRFs and
compiling these ratings,

c. developed detailed research questions for a subset of those priorities.
The finalized priority areas determined in Round 3, part b of the technique, hereafter referred to as

“Priority Research Areas,” are summarized in Figure 1-3 and discussed in greater detail in Section 6.3. As

discussed below, these outcomes were used to focus the information in this case study document.

How the Case Study Was Streamlined to Emphasize Research Priorities
Compared to the External Review Draft (U.S. EPA, 2012b), this draft of the case study document

has been streamlined to clearly reflect the outcomes of the collective judgment step of the CEA process.
New text boxes have been embedded in the document immediately following section headings that
correspond to elements of the detailed CEA framework (see Figure 1-3) to highlight the outcomes of the
RTI workshop (RTI, 2012) related to the E-RRFs discussed in that section of the case study.

Boxes outlined in red with the title “Priority Research Area Highlight” (e.g., Section 2.2.2)
indicate that the E-RRFs discussed in that section were deemed to be priorities for continuing research by
participants in the RTI workshop, based on (1) high importance of that area to risk assessment and risk
management, and (2) low confidence in the utility and availability of the data on the topic. Boxes

outlined in gray with the title “Unprioritized Research Area Highlight” (e.g., Section 2.1) indicate that

the E-RRFs discussed in that section were not identified by workshop participants as Research Priority
Avreas (i.e., the most commonly selected rating was “possibly important” or “least important” rather than
“important”; therefore, the majority of participants did not rate the Importance and Confidence for those
E-RRFs). For these sections, all text relevant to decaBDE and MWCNTs was moved to Appendix H and
Appendix G, respectively, to focus the main body of the document on the priority research areas.

® Three participants from the first round of prioritization were unable to participate in the second round.
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In each “Priority Research Area” and “Unprioritized Research Area” highlight box, a graphic
appears that summarizes information on how the 13 workshop participants individually rated the
Importance of each element; and, for the subset of participants who stated the element was of highest
importance, their Importance and Confidence ratings for each E-RRF. The collective Importance and
Confidence for each E-RRF is expressed using an Importance/Confidence Matrix image, where the three
Importance categories are shown on the Y-axis and the three Confidence categories are shown on the
X-axis, creating nine bins representing unique importance-confidence pairings (see lower left of Figure
1-3). E-RRFs were assigned to a particular bin of the Importance/Confidence Matrix based on which
ratings were most commonly selected by expert stakeholders for Importance and for Confidence.*® The
prioritization of the framework areas (i.e., E-RRFs) is therefore based on the most frequently selected
rating for each factor (Importance or Confidence), rather than on the most commonly selected
combination of Importance and Confidence for each E-RRF. E-RRFs in Unprioritized Research Areas
were not assigned to a particular bin since only a small subset of participants rated the Importance and
Confidence of the E-RRF.

In most instances, the most commonly agreed-upon Importance and Confidence ratings align with
the portion of the matrix with the largest number of stakeholders; however, in three instances, this is not
the case. This lack of concordance reflects a difference in how individuals combined
Importance/Confidence ratings compared to the overall rating combination of all stakeholders. In all
cases, the most commonly selected rating for Importance and the most commonly selected rating for
Confidence determines the placement of the E-RRF in the Importance/Confidence Matrix.

Finally, some case study sections present necessary supporting information for E-RRF pairs, but
do not directly discuss a specific E-RRF pair. These sections have been identified as “Neutral Research

Areas,” and a small text box outlined in black with that title has been placed under the section heading.

For these cases, the text that originally appeared in the section remains, as it supports understanding of

other E-RRFs that are priorities for research.

*In instances of a tie (i.e., six out of 13, or 46% of stakeholders rated an E-RRF “Important” and the same number
rated the E-RRF “Possibly Important”) the more conservative rating was used as the most commonly selected rating
(i.e., the E-RRF was rated as “Important”). The same rule applies for Confidence ratings.

*For example, if six out of 13 stakeholders rated an E-RRF “Important” and three out of 13 stakeholders rated the
E-RRF “Possibly Important,” the E-RRF was collectively rated “Important.” Similarly, if four out of 13
stakeholders, 31%, rated their confidence in an E-RRF as Not Confident and three out of 13, 23% rated their
confidence in the E-RRF as Somewhat Confident, the E-RRF would be rated as “Not Confident.” Based on both
ratings, the E-RRF would be placed in the “Important”/“Not Confident” bin of the matrix).
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Figure 1-3. Detailed CEA framework used for the collective judgment prioritization process.
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The detailed CEA framework contains “elements” at each CEA level (product life cycle; environmental transport, transformation, and fate;
exposure route; dose (kinetics); and impacts). Each element is associated with several “risk relevance factors.” In the original detailed CEA
framework presented to participants in the collective judgment prioritization process, each element was represented by a blue bar and each risk
relevance factor was represented by a green bar (shown in the upper left of this figure). During the prioritization process, participants assigned
each element-risk relevance factor (E-RRF) pair a rating of “importance” and “confidence,” placing each E-RRF into a bin of the
Importance/Confidence Matrix (shown in the bottom left of this figure). Ratings among all participants were tallied to determine the collective
assignment for each E-RRF, which is shown in the detailed CEA framework on the right side of this figure. Areas in white denote those deemed
of lesser importance for future MWCNT risk assessments, while those colored in represent areas collectively identified as of high importance
for future assessments. Areas in red are those of highest priority for research since participants most commonly rated the area as “Important”
to MWCNT risk assessments and were “Not Confident” that data could currently support risk management decisions. More information on the
collective judgment results for each E-RRF is presented in the “Priority Research Area Highlight” and “Unprioritized Research Area Highlight”
boxes throughout the rest of this case study document.

How the Case Study Was Revised to Respond to Public and Peer Comments

Additional changes were made to the case study document, and new elements were added in
response to written feedback from 23 experts involved in the prioritization process, and in response to
comments from several members of the public (see Appendix | for more detail). Consistent with the
discussion above, these changes were implemented to emphasize research priorities identified through the
RTI1 workshop process, and to improve the scientific accuracy and rigor of the compiled information.

First, as mentioned in Section 1.1.3 and discussed above, detailed information on decaBDE was
moved to Appendix H and replaced with text boxes that include highlights comparing information known
about decaBDE to what is known about MWCNTSs in Research Priority Areas. These highlights are meant

to illustrate how understanding the data on decaBDE in flame-retardant upholstery textiles might help
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guide research planning to elucidate potential risks of MWCNTS. These text boxes are consistently titled

“DecaBDE Can Inform MWCNT Assessment” and are outlined in green (e.g., Section 2.2.2).

Second, a series of “Additional Information Highlight Text Boxes,” new figures, and new tables
were embedded in the case study to draw attention to scientific concepts related to the priority areas that
commenters felt were under-represented in the External Review Draft of the case study. These elements
were added to emphasize scientific topics that were included in the External Review Draft; but, were
unclear or not clearly described, or to discuss a topic that was not included previously but is relevant to
the topic and discussion. Additional Information Highlight Text Boxes, new tables, and new figures are

outlined in blue (e.g., Table 2-2).

Finally, Chapter 6 was expanded to include a final section (Section 6.3) that discusses the priority
research areas in more detail. Section 6.3 builds on the red outlined “Priority Area Highlight” text boxes
described above, which are intended to briefly outline how participant ratings resulted in the area being
collectively identified as a priority. Examples of the rationale for prioritizing these areas are presented in
Section 6.3, along with factors that might be important to include in planning research for each area. In
addition, for some priority areas, commenters, workshop participants and targeted literature searches
identified relevant literature that had not been included in the External Review Draft of the case study.
This literature is discussed in Section 6.3 in the context of how it might influence research planning for
the area. Finally, specific research questions identified by expert participants (or based on the available

literature) are listed for each priority area.

1.1.4. Selection of DecaBDE for Comparison

DecaBDE has been used widely in the textile industry to meet fire safety standards (see Section
1.2.1). Concern, however, is growing regarding the potential impacts of decaBDE on ecological and
human health. For example, despite previous assumptions that decaBDE is relatively stable and inert in
the environment, recent studies have suggested that it can debrominate, or break down into lower-weight
congeners, which have been much more widely studied and are known to be highly toxic [(Environment
Canada, 2010; U.S. EPA, 2010b; Siddiqi et al., 2003; Rahman et al., 2001); see Section 3.1 and Text Box

H.3-1]. In response to these concerns regarding potential adverse impacts on human health and the

environment (see Chapter 5), limitations or bans on the use of decaBDE have been imposed recently both
in the United States and abroad. As summarized in Table 1-1, several states have begun to phase out or
restrict the use of decaBDE.

In December 2009, the two largest U.S. producers and the largest U.S. importer of decaBDE
announced voluntary commitments to phase out decaBDE in the United States by 2013 (U.S. EPA
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2010a). As summarized in the EPA PBDE Action Plan dated December 30, 2009, several reports
provided evidence for the human and environmental effects of this compound. A finding of “suggestive
evidence of carcinogenic potential” was reported in the 2008 Toxicological Review of DecaBDE (U.S.

EPA, 2008b). Neurobehavioral effects also were identified in IRIS assessments for decaBDE and

additional congeners (tetraBDE, pentaBDE, and hexaBDE). Environmental hazards associated with
PBDEs include persistence, potential for biomagnification, and breakdown of some PBDES to more toxic
congeners to produce effects at environmentally relevant concentrations (based on reports from
Environment Canada and studies from other authors). Furthermore, in 2012, EPA initiated proposed
amendments to (1) the Toxic Substances Control Act (TSCA) § 5(a)(2), a Significant New Use Rule
(SNUR), and (2) TSCA 8 4, a Test Rule for decaBDE. The SNUR would require any entity planning to
manufacture or import decaBDE or articles to which decaBDE has been added to notify EPA at least 90
days in advance, which would provide the Agency an opportunity to review and evaluate data related to
the new use and to take action to limit or prohibit the new use if necessary. The Test Rule would require
laboratory studies to determine the effects that decaBDE has on human health and the environment (U.S.
EPA, 2012c).

Table 1-1.  EXxisting state regulatory initiatives for decaBDE.

Regulatory Initiative State

Implemented studies to assess environmental and human health impacts of Illinois, Minnesota, Rhode Island
decaBDE to inform regulatory action

Restricted the use or sale of products containing decaBDE Oregon

Prohibited the manufacture, use, or sale of certain products containing decaBDE Vermont, Maryland, Maine, New York

Source: National Conference of State Legislators (2011).

Although commercial MWCNT flame-retardant products are available, their presence is
relatively new, and they are by no means abundant on the market. Given the projected decline in
decaBDE use, as described above, investigating these nanoenabled products as a potential emerging
alternative is relevant. The use of flame retardants in textiles is of interest to EPA and also aligns with the
needs of other organizations (e.g., Consumer Product Safety Commission, National Institute of Standards
and Technology). DecaBDE was chosen as the traditional flame-retardant product to compare to
MWCNTS due to its extensive use since the 1970s and the robust scientific database available for it and

for the brominated flame retardant (BFR) family in general.
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The comparison of the larger body of information on decaBDE with the relatively small database
for MWCNTSs was intended to help pinpoint data gaps relating to this specific MWCNT product. For this
reason, with the exception of Chapter 1, comparable information for decaBDE is included for each CEA
framework area in Appendix H as a reference. Additionally, “Comparison Highlight Boxes” are included
throughout the document to guide the reader to aspects of decaBDE that are particularly useful for
drawing parallels to MWCNTSs (see Appendix I). Because Chapter 1 is intended to provide relevant
introductory information for both the traditional and nanoenabled product, it discusses relevant
information on both MWCNTSs and decaBDE while the rest of the document focuses solely on the
“Priority Research Areas” relevant to MWCNTS.

1.2. Introduction to Flame Retardants in Textiles

Textiles and fabrics, which are networks of fibers composing flexible woven or nonwoven
materials, are flammable to varying degrees due to their ignitability and their potential to propagate flame

and produce burning droplets (PINFA, 2010). The behavior of various untreated textiles when exposed to

flame depends on the chemical composition of the raw materials. Table 1-2 lists several common
categories of textile fibers along with their flammability characteristics. The flammability of these fibers,
when incorporated in different textile products, has led to the development of numerous fire safety
standards (PINFA, 2010), as discussed in Section 1.2.1.
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Table 1-2.  Common textile fibers and degrees of flammability.

Fiber Flammability Characteristics of Untreated Fibers Increasing Fire Hazard
Cotton _ _ _
- Ignite easily, burn heavily; do not melt away from flame?

ax
Viscose Burns rapidly, similar to cotton
Acetates Burn heavily; can melt away from flame; form burning droplets?
Acrylics Burn rapidly; form burning droplets; produce dense black smoke
Polyesters
Polyolefins .

: Burn slowly and hot;3 can melt away from flame; form burning droplets

Polyamide
Other synthetics
Wool Difficult to ignite; burns slowly; might self-extinguish

Modified acrylics Burn very slowly; tend to melt away from flame; might self-extinguish

Aramide Does not burn; strong char formation

IMelting away from the flame refers to the burning characteristic where the fiber essentially melts more quickly than the flame can spread, thereby
removing the amount of fiber that is available to the flame to continue burning.

2Burning droplets can form if the fiber melts slowly while in contact with the flame.
3Burning hot refers to a high peak heat release rate.
Source: PINFA (2010).

1.2.1. Standards for Textiles

Upholstery textiles, particularly those used outside of residential settings (e.g., in hospitals,
airports, airplanes, penal institutions, public transportation, office buildings), are subject to various state,
federal, and voluntary fire safety standards (see Table 1-3 for examples). Technical standards specify the
types of products to which standards apply, methodologies for conducting specific tests, measured
parameters of interest (e.g., time to ignition, heat release rate), and performance criteria for each test and

product of interest (Illinois Environmental Protection Agency, 2007).
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Table 1-3.  U.S. and international fire regulations for upholstery textiles.!

Product Category Standards Description
Automotive vehicle (bus and FMVSS 302/DIN Specimen subjected to Bunsen burner flame for 15 seconds. The rate of
car) passenger compartments;  75200/ISO 3795; DIN  flame spread should be <101.6 mm/min (for a 245-mm sample); requires
curtains or blinds used in 50051 test specimen to have a burning rate <100 mm/min (560-mm sample
automotive vehicles length) when subjected to a vertical flame test.
Federal flammability standard 16 CFR 1632 (2000;  Cigarette test for ignition resistance sets requirements for testing of
for mattresses and mattress updated 2007); 16 prototype designs of mattresses and mattress pads (based on CA TB
pads CFR 1633 (2006); CA  106). Open flame tests: the mattress set must not exceed a peak heat
TB 603 (2005); CATB release of 200 kW at any time during a 30-minute test, and the total heat
129; CATB 121 release for the first 10 minutes of the test must not exceed
15 megajoules (25 megajoules in California).
Filling materials used in CATB 117 Furniture that meets the CA TB 117 standard is less likely to ignite
upholstered furniture rapidly, and if ignited, less likely to burn quickly or to sustain burning.
Passenger equipment in railroad 49 CFR Part 238 Safety and flammability standards for components of fixed items in
trains (2002); ISO 5658-2;  passenger cars, seating upholstery, etc. Lateral flame spread test with
ISO 9705 heat radiator and ignition flame: specimen 800 mm by 155 mm is

measured for critical heat flux at extinguishment; flame should not
exceed 100 cm above the highest point of the seat surface.

Seating furniture for use in CATB 133 Requires full-scale flame test? for furniture manufactured for use in public
public occupancies buildings in California. Many other states have adopted TB 133.

Cigarette testing of upholstered  Upholstered Furniture  Component standard. All upholstered furniture sold in California must
furniture fabric Action Council; CATB pass this flame test; applies to buildings under NFPA 701 code.
116; NFPA 701

IThis list is not meant to be definitive or complete; some fire regulations are being re-evaluated and the contents of this table might not be current.
2Full-scale flame test refers to the use of a full piece of furniture or mockup (composite)

Note: FMVS = Federal Motor Vehicle Safety Standards and Regulations; DIN = Deutsches Institut fur Normung (Germany); ISO = International
Organization for Standardization; CFR = Code of Federal Regulations; CA TB = California Technical Bulletin; NFPA = National Fire Protection
Association

Sources: Lowell Center for Sustainable Production (2005); U.S. EPA (2012a); PINFA (2010).

1.2.2. Flame-Retardant Materials as Solutions to Flammability

The flammability of textiles and the standards described above have created a growing market

demand for technologies to increase flame resistance and meet fire safety regulations (Alaee, 2003). One

way to achieve this is through the use of flame-retardant materials, which are chemicals or other
manufactured components that have the quality of resisting or inhibiting the spread of fire. Even where
regulatory standards do not mandate flame resistance, market pressures and concerns about brand image

often cause manufacturers to incorporate flame-retardant materials into their products (lllinois

Environmental Protection Agency, 2007). In fact, the global market for flame-retardant materials is
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expected to increase 4-5% by 2015 from the base market value of $3 billion in 2009 (Grzybowski, 2009;
Sullivan, 2009).

The most commonly used flame-retardant materials are usually broadly categorized by chemical

structure (e.g., halogenated, phosphorous-based, nitrogen-based, inorganic). Each broad class represents

many possible flame-retardant compounds. Additionally, a variety of inert fillers (e.g., talc),

manufactured components (e.g., glass fibers and

microspheres), and more technologically Additional Information Highlight Box 1:

. . Factors influencing flame retardant selection
advanced solutions (e.g., advances in polymer

. . Significant uncertainty surrounds which, if any, MWCNT
chemistry [see Section 1.2.2.2], nanotechnology) flame-retardant applications are most likely to be developed

offer flame-retardant properties to increase the for commercial use. The formulation of flame retardants is
largely dictated by performance criteria, including flame test

flame resistance of textiles (PINFA, 2010; U.S. performance, efficiency, cost, and effect on textile
_ characteristics (see Section 1.2.2.1). Although this case study
EPA, 2005; Zhang and Horrocks, 2003). discusses MWCNT flame-retardant coatings in textiles,

alternative flame-retardant products might better meet these

The standards and regulations do not o ) o
performance criteria than this selected application.

specify which flame-retardant materials, if any, Consequently, these alternative applications might be more

. . . . prominent in the future than the application explored in this

must be used in textiles. Thus, various industry case study. Additional Information Highlight Box 3 details

stakeholders must decide which flame-retardant some of the challenges in developing MWCNT flame-

retardant applications that meet fire safety standards and

materials to use based on several key criteria. references some potential MWCNT  flame-retardant
applications.

1.2.2.1. Performance Criteria

Performance criteria help determine which flame-retardant materials are appropriate for which
applications and provide a preliminary basis for stakeholders to compare these materials. Such
comparisons are also useful in considering what materials are suitable alternatives to existing

technologies. Some performance criteria proposed by EPA (U.S. EPA, 2005) include:

o Flame test performance: a measure of the efficacy of the flame-retardant material; different
measures are included in specific regulatory standards;®

o Efficiency: the degree of flame-retardant action relative to the amount of material needed to
obtain the result;

o Cost: expense associated with raw materials and downstream production;

e Impacts on textile characteristics: effect on features that can alter a product’s desirability to
consumers (e.g., enhanced strength, reduced aesthetic appeal).

®For example, the cigarette ignition test and vertical flame test measure aspects such as char length and afterglow of
a sample. Flame test parameters and standards are specific to products and end uses [see (Exponent, 2010; ICL,
2010; Babrauskas and Krasny, 1985)].
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Another important aspect of performance is durability. Durability is a measure of the ability of a
flame-retardant material to maintain an acceptable level of flame-retardant behavior throughout the
lifetime of the textile as it undergoes abrasion, laundering, weathering, or other expected processes
(PINFA, 2010; NRC, 2000). The durability standard required depends on the intended use of a textile

product. Durability classifications for flame-retardant finishes in textiles are presented in Table 1-4.” In

some cases, an evaluation of durability is a component of the flame tests (e.g., both pre- and post-wash
tests are required for some product uses).® Importantly, these criteria pertain only to the performance of a

specific flame-retardant material in a specific application.

Table 1-4.  Durability classifications of flame-retardant finishes.

Durability Classification Example Flame-Retardant Materials Example Application in Textiles
Nondurable - not resistant to Boric acid, aluminum sulfate, ammonium salts, ~ Mattresses, draperies, rarely washed
washing phosphates, some halogenated compounds textiles
Semidurable - resistant to limited ~ Cyanamide and phosphoric acid, Tents, carpets, curtains (resistant for
number of washes phosphorylation of cellulosic fibers, some up to 50 washings)
halogenated compounds
Durable - resistant to many washes Organic phosphorous compounds, some Clothing, other frequently washed
brominated compounds fabrics

Sources: BfFV (1998) and PINFA (2010).

1.2.2.2. Flame-Retardant Application Methods

Two principal processes are used for incorporating flame-retardant materials into the textile
matrix: reactive and additive. Generally, flame retardants incorporated into the textile matrix using the
reactive process produce durable finishes; flame retardants simply added to the textile matrix produce
nondurable or semidurable finishes (U.S. EPA, 2005; Rahman et al., 2001).

In the reactive process, flame-retardant materials are incorporated directly into polymeric

materials during the manufacturing process such that they are chemically (i.e., covalently) bound to the

raw materials of the final product (U.S. EPA, 2005; Rahman et al., 2001). Direct incorporation also can

"Durability should not be confused with leachability, which refers to the percent removal of a flame retardant from
the textile matrix (NRC, 2000). Leachability is an important measure from a risk evaluation perspective while
durability is more important from a product performance perspective.

®The Federal Register specifies which textile types and products require flame resistance for up to a specific number
of washes.

March 2013 1-19 DRAFT—DO NOT CITE OR QUOTE


http://hero.epa.gov/index.cfm?action=search.view&reference_id=1005336
http://hero.epa.gov/index.cfm?action=search.view&reference_id=758699
http://hero.epa.gov/index.cfm?action=search.view&reference_id=956530
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1005336
http://hero.epa.gov/index.cfm?action=search.view&reference_id=956579
http://hero.epa.gov/index.cfm?action=search.view&reference_id=789769
http://hero.epa.gov/index.cfm?action=search.view&reference_id=956579
http://hero.epa.gov/index.cfm?action=search.view&reference_id=789769
http://hero.epa.gov/index.cfm?action=search.view&reference_id=758699

© 0O N O O A W DN

W W W W W NN DN DD DNDDNDDDNDDNDDDNDNDNDN PP P PR RPE PR PP PR
A WO NP O O© 0NN O O B W NP O ©O© 0N o O b WO DN - O

be accomplished using a chemical reaction between two monomers to form a strong polymer chain or in a

post-reaction process such as chemical grafting (functionalization) (PINFA, 2010; Laoutid et al., 2009).

Flame-retardant materials produced by the reactive mechanism are often considered to be “inherently”
flame resistant, as is the case with a variety of polyester blend fabrics.

In the additive mechanism, flame-retardant materials are applied to the fibers, the finished textile,
or the finished product without the formation of chemical bonds and without a chemical reaction (Laoutid

et al., 2009; U.S. EPA, 2005; Rahman et al., 2001). In some cases, binding agents, resins, or copolymers

are used to increase the durability of the

R . H
flame-retardant properties of the textile. T fo2’ > Wash > Dry
This case study focuses on the T Pad §
. . Chemical Fix / o
additive application of flame retardants to o > cure > wash > PV Q
upholstery textiles. This method can be 5 @
o . . © s Back- s Dry/ o
distinguished further as illustrated by the L Coat Cure c
Q
schematic in Figure 1-4, which .
—+
shows the simple “pad/dry” technique and g ) =
variations. In the pad/dry technique, the textile Source: Adapted from NRC (2000).
Is immersed in a bath of flame-retardant Figure 1-4. Durability of additive flame retardants.
solution and then squeezed through rollers at a
. i This general schematic of the “additive” application method of flame-
specific pressure to remove excess solution. retardant materials for textiles demonstrates the steps in the additive flame-
Back ina d ib | related retardant process that increase durability. The curing process can result in
ack-coating descrioes several relate cross-linking, thermal fixation, or ionic linkage between the flame-retardant

application methods where a bonding resin material and the fibers to increase durability.

containing the flame retardant is spread and smoothed across the reverse surface of a textile using a knife
or blade (PINFA, 2010).
Although additive flame retardants typically produce a nondurable finish (NRC, 2000), Figure

1-4 illustrates methods of addition that produce more durable finishes than the simpler pad/dry additive
techniques. Thermal or chemical curing, for example, allows for interaction between the flame-retardant
material and the fiber that results in a more durable finish than those produced using the simpler

techniques (PINFA, 2010). Curing provides the opportunity for cross-linking (polymerization of the

flame retardant onto the substrate), thermal fixation (deposition of the flame retardant within the fibers),
or ionic linkage (negatively charged complexes bind to positively charged groups). These processes
essentially “trap” the flame-retardant material within the polymer chains, producing a finish that is similar
to those produced by the reactive method (PINFA, 2010; NRC, 2000). After curing, the textile is

subjected to other processes (oxidation, neutralization, or washing) to remove by-products before the

material is dried. Although a more durable finish can be obtained with heat curing or chemical curing,
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leaching of flame-retardant material remains of greater concern for additive flame retardants than for
reactive flame retardants (not shown in Figure 1-4) because the material is not covalently bound to the
substrate (Rahman et al., 2001).

1.2.2.3. Mechanism of Flame-Retardant Action

Once incorporated into the textile, flame-
retardant materials physically or chemically inhibit the

combustion process. Combustion occurs through a

series of chemical reactions including heating and Q&“e%‘“&

ignition, volatilization, and decomposition, which are p . 6 o,
self-propagating in the presence of oxygen and a fuel ) Propagation & ,;%
source (U.S. EPA, 2005; Alaee, 2003) (see Figure 1-5). "et,;,e :g'

The mechanism of flame-retardant action can be

categorized generally as follows, although many flame

retardants actually inhibit the com