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Disclaimer

This document has not been through a formal external peer review process and does not
necessarily reflect all of the most recent policies of the U.S. Environmental Protection Agency
(EPA), in particular those now under development. The use of specific trade names or the
identification of specific products or processes in this document is not intended to represent an
endorsement by EPA or the U.S. government. Discussion of environmental statutes is intended
for information purposes only; this is not an official guidance document and should not be relied
upon to determine applicable regulatory requirements.

This document contains the first part of a two-part report addressing environmental and human
health issues associated with the production, use, and disposal of FR4 PCBs using current and
emerging flame retardant technologies. Part one provides an evaluation of the environmental
and human health hazards associated with flame retarding chemicals during manufacturing and
use of the FR4 boards and a preliminary discussion and identification of end of life issues. Part
two of the report will present experimental data from the investigation of the thermal breakdown
of boards and the byproducts formed under different combustion and pyrolysis conditions.
These data may provide further insight into any issues that may arise, including possible end of
life disposal issues. It is anticipated that part two of the report will be completed in 2009. This
version of the report contains results from part one only and is considered incomplete until the
results from part two are available.

For More Information

To learn more about the Design for the Environment (DfE) Flame Retardant in Printed Circuit
Board Partnership or the DfE Program, please visit the DfE Program Web site at:
www.epa.gov/dfe.

To obtain copies of DfE Program technical reports, pollution prevention case studies, and project
summaries, please contact:

National Service Center for Environmental Publications
U.S. Environmental Protection Agency

P.O. Box 42419

Cincinnati, OH 45242

Phone: (513) 489-8190
(800) 490-9198

Fax: (513) 489-8695
E-mail: ncepimal@one.net
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Executive Summary

A broad-based stakeholder group joined with the Design for the Environment (DfE) Program in
the U.S. Environmental Protection Agency’s (EPA’s) Office of Pollution Prevention and Toxics
(OPPT) to form the Flame Retardants (FRs) in Printed Circuit Boards (PCBs) Partnership. The
partnership, which includes members of the electronics industry, flame retardants industry,
environmental groups, academia, and others, came together to generate this report. Participation
of a diverse group of stakeholders has been critical to developing the information for this
partnership. The multi-stakeholder nature of the partnership led to a report that takes into
consideration many diverse viewpoints, making the project richer both in approach and outcome.

Goal of the Partnership and This Report

The partnership developed the information in this report to advance understanding of the human
health and environmental impacts of conventional and new flame-retardant materials that can
provide fire safety for PCBs. This partnership report provides objective information that will
help members of the electronics industry more efficiently factor human health and environmental
considerations into decision-making when selecting flame retardants for PCB applications. This
report can also serve as a step toward developing a more comprehensive understanding of the
human health and environmental implications of flame-retardant chemicals by noting gaps in the
existing human health and environmental literature. For example, future studies could be
directed at key human health and environmental toxicological endpoints that are not yet
adequately characterized. Additional testing could also be directed at improving understanding
of fate and transport of flame-retardant chemicals during the most relevant life-cycle phases.

The objective of the partnership is not to recommend a single best flame retardant for PCB
applications or to rank the evaluated flame retardants. In addition to information on
environmental and human health impacts, performance and cost are critical in the final decision.
The information in this report could be used in decision-making frameworks that address these
critical elements. When using these flame-retardant chemical profiles, it is important to consider
other life-cycle impacts, including exposure considerations.

Fire Safety for Printed Circuit Boards (PCBs)

PCBs are commonly found in consumer and industrial electronic products, including computers
and cell phones. Manufacturers commonly produce PCBs with flame-retardant chemicals to help
ensure fire safety. Currently, the majority of PCBs produced worldwide meet the VO
requirements of the UL 94 fire safety standard. This standard is usually achieved through the use
of brominated epoxy resins in which the reactive flame retardant tetrabromobisphenol A
(TBBPA) forms part of the polymeric backbone of the resin. These UL 94 VO compliant boards
are referred to as FR-4 boards, which must meet performance specifications as well as the fire
safety standard. While alternative flame-retardant materials are used in only a small percentage
of FR-4 boards, the use of alternatives has been increasing over the past few years, and
additional flame-retardant chemicals and laminate materials are under development.
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Environmental and Human Health Hazard Information for Flame Retardant Chemicals

The level of available human health and environmental information varies widely by flame-
retardant chemical. Little information exists concerning many of the alternative flame-retardant
materials. More established chemicals, including TBBPA and silicon dioxide, are more fully
characterized. To help address this discrepancy, and to increase the usefulness of this report,
EPA used the tools and expertise of the New Chemicals Program to estimate the potential
impacts of flame retardants when no experimental data were available. The partnership evaluated
eight commercially available flame retardants for FR-4 laminate materials for PCBs: TBBPA,
DOPO, Fyrol PMP, aluminum hydroxide, Exolit OP 930, Melapur 200, silicon dioxide, and
magnesium hydroxide. TBBPA is used to make the epoxy resin base material in more than 90
percent of FR-4 boards. Alternative flame-retardant materials are used in only 3 to 5 percent of
the current FR-4 boards. These chemicals were identified through market research and
consultation with industry and iNEMI (the International Electronics Manufacturing Initiative) as
potentially viable options for PCBs. The reaction products of epoxy resin with TBBPA, DOPO,
and Fyrol PMP were also evaluated, because both TBBPA and DOPO undergo chemical
reactions during manufacturing. As a result, the reaction products of TBBPA, DOPO, Fyrol
PMP, and other reactive flame retardants are present during the manufacturing process, and trace
quantities may be locked in the PCB polymer matrix. Chapter 4 qualitatively summarizes the
toxicological hazard characteristics of the chemicals in each flame-retardant formulation.
Chemical components making up less than 1 percent by weight of the flame-retardant
formulation were not considered in this assessment. A screening-level summary table (presented
below as Table ES-1) is also presented in Chapter 4. Table ES-1 shows relative hazard levels for
nine human health effects, two aquatic toxicity effects, and two environmental fate endpoints.
Selected flame retardants are presented according to their reactive or additive nature.

Flame-retardant evaluations in this report are hazard assessments with considerations for
exposure, not full risk assessments. Whereas hazard measures a material’s inherent dangers, risk
takes into account both hazard and the amount of material to which workers, the community, or
the environment may come into contact (probability of exposure). For example, a highly
hazardous material may pose a low level of risk to human health and the environment if there is
limited exposure, but a high level of risk if there is a high level of exposure. Similarly, a less
hazardous material may pose a high level of risk to human health and the environment if there is
a high level of exposure, but a low level of risk if there is limited exposure. For flame-retardant
materials with little available information, hazard levels were projected based on chemical
structure. This approach relies on structure activity relationships (SAR) analysis involving
modeling techniques and professional judgment. An explanation of EPA’s chemical assessment
methodology and more detailed characteristics of the chemicals in each formulation are
presented in Sections 4.1.2 and 4.2.

Life Cycle Thinking and Exposure Considerations
In addition to evaluating chemical hazards, this partnership agreed it was important to apply life-
cycle thinking to more fully understand the potential human health and environmental impacts of

evaluated flame retardants. Human health and environmental impacts can occur throughout the
life cycle: from raw material extraction and chemical manufacturing, to laminate, PCB, and

vi
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electronic product manufacturing, to product use, and finally to the end of life of the material or
product. Factors such as occupational best practices and raw material extraction and subsequent
flame-retardant and laminate manufacturing, together with the physical and chemical properties
of the flame retardants, can serve as indicators of a chemical’s likelihood to pose human health
and environmental exposure concerns. During later stages of the life cycle, from PCB
manufacturing to end-of-life, human health and environmental exposure potential is highly
dependent upon whether the flame retardant was incorporated additively or reactively into the
resin system. Chapter 5 explores these and other life-cycle considerations. A range of
information about life-cycle issues exists for each of the flame retardants, especially when
comparing TBBPA to more recently developed and commercialized alternatives. The detailed
chemical assessments in this report are focused only on the flame-retardant chemicals. Other
chemicals, such as feedstocks used to make the flame retardants; chemicals used in
manufacturing resins, laminate materials, and PCBs; and degradation products and combustion
byproducts are only mentioned in the process descriptions.

Combustion and Pyrolysis Testing

As part of this life-cycle thinking, the partnership decided that testing of FR-4 laminates and
PCB materials is necessary to better understand the potential byproducts during product use and
thermal end-of-life processes. The University of Dayton Research Institute (UDRI) will conduct
pyrolysis and combustion testing, which is scheduled to be completed in 2009. The rationale and
methods for this testing are described in Chapter 6, with more detailed methods and results to be
published in an addendum to this report after test completion.

Selecting Flame Retardants for PCBs

The partnership recognizes that the human health and environmental impacts are important
factors in selecting a flame retarding chemical or formulation to provide fire safety in a PCB.
However, the partnership also believes other factors are important, such as flame-retardant
effectiveness, electrical and mechanical performance, reliability, cost, and impacts on end-of-life
emissions. These elements are included in Chapter 7. While the report focuses on human health
and environmental attributes of each flame-retardant chemical, it is important to note that many
of these flame-retardant chemicals must be used together in different combinations to meet the
performance specifications. It is also important to note that performance requirements will vary
depending on the use of the PCB. The performance testing of commercially available halogen-
free flame-retardant materials to determine their key electrical and mechanical properties is the
focus of a separate but complementary project being conducted by iNEMI. This partnership has
worked closely with iNEMI, as well as the High Density Packaging User Group (HDPUG). In
contrast to INEMI, HDPUG is focused on building a database of existing information on
halogen-free materials, including halogen-free flame retardants — both commercially available
and in research and development.
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1 Introduction

The electronics industry is engaging in a multi-stakeholder partnership with EPA’s Design for
the Environment (DfE) Program to identify and evaluate commercially available flame retardants
and their environmental, human health and safety, and environmental fate aspects in FR-4
printed circuit boards (PCBs). The majority of PCBs are classified as FR-4 (Flame Resistant 4),
indicating that they meet certain performance criteria, as well as the VO requirements of the UL
(Underwriters Laboratories) 94 flammability testing standard.' Currently, for more than 90
percent of FR-4 PCBs, the UL 94 VO requirement is met by the use of epoxy resins in which the
reactive flame retardant tetrabromobisphenol A (TBBPA) forms part of the polymeric backbone
of the resin.

Alternative flame-retardant materials are used in only 3 te 5 percent of the current FR-4 boards,
but additional alternative flame-retardant materials are under development. Little information
exists concerning the potential environmental and human health impacts of the materials that are
being developed as alternatives to the brominated epoxy resins being used today. Environmental
and human health impacts can occur throughout the life cycle of a material, from development
and manufacture, through product use, and finally at the end of life of the material or product. In
addition to understanding the potential environmental and human health hazards associated with
the reasonably anticipated use and disposal of flame-retardant chemicals, stakeholders have
expressed a particular interest in understanding the combustion products that could be formed
during certain end-of-life scenarios.

A risk assessment conducted recently by the European Union did not find significant human
health risk associated with reacted TBBPA in printed circuit boards.” However, the potential
environmental and health impacts of exported electronic waste (e-waste) are not fully
understood. A large percentage of e-waste is sent to landfills or recycled through smelting to
recover metals. An unknown portion of the waste is recycled under unregulated conditions in
certain developing countries, and the health implications of such practices are of concern.

This report aims to increase understanding of the potential environmental and human health
impacts of printed circuit boards throughout their life cycle. Information generated from this
partnership will contribute to more informed decisions concerning the selection and use of
flame-retardant materials and technologies and the disposal and recycling of e-waste.

! FR-4 refers to the base material of the printed circuit board; namely, a composite of an epoxy resin reinforced with
a woven fiberglass mat. UL 94 is an Underwriters Laboratories standard for flammability of plastic materials.
Within UL 94, VO classification entails one of the highest requirements.

2 The EU results, while noteworthy, will not form the basis of this assessment, but rather should be viewed in
conjunction with the independent conclusions drawn in this assessment.

1-1
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1.1 Purpose of the Flame-Retardant Alternatives Analysis

The partnership committee identified the overall purpose of this analysis as follows:

= To identify and evaluate current and alternative flame retardants and their environmental,
human health and safety, and environmental fate aspects in FR-4 printed circuit boards.

= To allow industry and other stakeholders to consider environmental and human health
impacts along with cost and performance of circuit boards as they evaluate alternative
materials and technologies.

1.2 Scope of the Flame-Retardant Alternatives Analysis

The partnership will incorporate life-cycle thinking into the project as it explores the potential
hazards associated with flame retardants and potential exposures throughout the life cycle of
flame retardants used in FR-4 PCBs. While the report focuses on flame retardants used in FR-4
PCBs, these flame retardants may also be applicable in a wide range of PCBs constructed of
woven fiberglass reinforced with thermoset resin.

As appropriate, the scope will include aspects of the life cycle where public and occupational
exposures could occur. For example, consideration of exposures from open burning or
incineration at the end of life will be included, as will exposures from manufacturing and use.

The following investigations were considered within the scope of the project:

* An environmental, health, and safety (EHS) assessment of commercially available flame-
retardant chemicals and fillers for FR-4 laminate materials

= An assessment of environmental and human health endpoints (environmental endpoints
include ecotoxicity, fate, and transport)

= A review of potential life-cycle concerns

= Combustion testing to compare the potential byproducts of concern from commercially
available FR-4 laminates and PCB materials during offgassing and thermal end-of-life
processes, including open burning, incineration, and smelting.

The project’s scope will be limited to flame-retardant chemicals used in bare (i.e., unpopulated)
FR-4 printed circuit boards. Other elements of PCBs (such as solder and casings) and chemicals
in components often attached to PCBs to make an electronic assembly (such as cables,
capacitors, connectors, and integrated circuits) will not be assessed.

The report is intended to provide information that will allow industry and other stakeholders to
evaluate environmentally safer alternatives for flame retardants in PCBs. The report is organized
as follows:
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Chapter 1 (Introduction): This chapter provides background to the Flame Retardants in
Printed Circuit Boards partnership project including the purpose and scope of the
partnership and of this report.

Chapter 2 (FR-4 Laminates): This chapter describes the characteristics, market for, and
manufacturing process of FR-4 laminates and investigates possible next generation
developments.

Chapter 3 (Chemical Flame Retardants for FR-4 Laminates): This chapter describes
chemical flame retardants generally, as well as those specific flame retardants used in
FR-4 laminates. The next generation of flame-retardant chémicals is also discussed.

Chapter 4 (Evaluation of Flame Retardants): This chapter explains the chemical
assessment methodology used in this report and suinmarizes the assessment of hazards
associated with individual chemicals.

Chapter 5 (Potential Exposure to Flame Retardants and Other Life-cycle
Considerations): This chapter discusses reasonably anticipated exposure concerns and
identifies potential exposure pathways and routes associated with flame-retardant
chemicals during each stage of their life cycle.

Chapter 6 (Combustion, Pyrolysis, and Offgassing Testing of FR-4 Laminates): This
chapter describes the rationale and methods for offgassing, combustion, and pyrolysis
testing of PCB materials.

Chapter 7 (Considerations for Selecting Flame Retardants): This chapter addresses
considerations for selecting alternative flame retardants based on environmental,
technical, and economic feasibility.
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1.2.1 Life-Cycle Stages Considered

Figure 1-1: Exposure Pathways Considered During the Life Cycle of a PCB
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Transport occurs between (and sometimes
within) each of these life-cycle processes.

Figure 1-1 above shows the life-cycle stages of a printed circuit board and the associated
potential exposure pathways that will be examined in this report. In brief, the flame-retardant
chemical is manufactured and then incorporated, either reactively or additively, into the epoxy
resin. The epoxy resin is then applied to a woven fiberglass mat and hardened. Layers of copper
foil are attached to both sides of the reinforced resin sheet to form a laminate. Next, a printed
circuit board is manufactured by combining several laminate layers that have had conductive
pathways (i.e., circuits) etched into the copper foil. The layers are then laminated together, and
holes are drilled to connect circuits between layers and hold certain electronic components (e.g.,
connectors or resistors). Once assembled, printed circuit boards are incorporated into various
products by original equipment manufacturers (OEMs). When the product is no longer in use,
there are several end-of-life pathways that the product may take: landfilling, regulated
incineration, unregulated incineration (or open burning), and recycling. All of these life-cycle
stages will be discussed in further detail in the subsequent chapters of this report.

1.2.2 Aspects Beyond the Scope of This Assessment

Although the analysis will explore hazard data associated with potential exposure scenarios, the
partnership does not intend to conduct a full risk assessment, which would require a full
exposure assessment along with the hazard assessment. Likewise, the project will not be a
complete life-cycle analysis, which inventories inputs and outputs from processes throughout the
life cycle and evaluates the environmental impacts associated with those inputs and outputs.

1-4
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Process chemicals (i.e., etching or washing solutions used in manufacturing PCBs) are not
included in the scope of this assessment. Although PCBs come in many varieties, the scope of
this analysis is limited to FR-4 boards which meet the VO requirements of the UL (Underwriters
Laboratories) 94 standard. Boards of this type are used in consumer products such as computers
and cell phones and make up a large portion of the PCBs used in consumer products. The
assessment may be useful beyond FR-4 boards to the extent that the same flame retardants are
used in other laminates constructed of woven fiberglass reinforced with other thermoset resins
such as phenolics.

Finally, this assessment is not a technical evaluation of key electrical and mechanical properties
of halogenated and halogen-free materials. These properties will be explored in a parallel
assessment conducted by iNEMI (International Electronics Manufacturing Initiative). Together,
the two reports will provide information on both the performance and environmental properties
of the various materials being evaluated.
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2 FR-4 Laminates

Flame Resistant 4 (FR-4) laminates are flame-retardant systems of woven glass reinforced with
epoxy-like resin, notable for their resistance to heat, mechanical shock, solvents, and chemicals.
Unlike lower grade laminates, a finished FR-4 laminate can obtain a VO rating in the UL 94 test,
a vertical burning test for flammability. FR-4 laminates can be categorized as (1) high glass
transition temperature (T,) FR-4 laminates,” (2) middle T, FR-4 laminates,* and (3) low T, FR-4
laminates.” Within each of those categories, individual FR-4 laminates are differentiated through
reference to their physical properties (e.g., rate of water absorption, flexural strength, dielectric
constant, and resistance to heat).

With the introduction of halogen-free FR-4 materials,’ a similar segmentation is emerging (e.g.,
high T, halogen-free, low T, halogen-free), leading to a multiplication of the number of FR-4
materials available (Beard et al., 2006; Bergum, 2007): As different formulations (different FR
systems and different resin chemistries) result in different laminate properties, there can be
different materials within one class (e.g., low T,) having different performance (e.g., dielectrics,
mechanics), thus addressing the different market needs. Such differences in performance are not
specific to halogen-free materials and may also exist among brominated grades of the same T,
class.

2.1 Overview of FR-4 Laminates Market (Prismark, 2006)

In 2006, global printed circuit board production exceeded $45 billion. PCBs are fabricated using
a variety of laminate materials, including laminate, pre-impregnated material (prepreg), and
resin-coated copper. In2006, $7.66 billion of laminate materials were consumed globally.
Laminate materials can be sub-segmented according to their composition, and include paper,
composite, FR-4, high T, FR-4, and specialty products (polytetrafluoroethylene (PTFE) and
high-performance materials).

= Paper and composite laminates represent 17.1 percent of the global laminate market in
value. These materials are used asthe basic interconnecting material for consumer
applications. The materials are low in cost, and their material characteristics are adequate
for use in mainly low-end consumer products.

= The workhorse laminate for the printed circuit board industry is FR-4. In terms of value,
approximately 70.4 percent of the material used in the industry is FR-4 glass-based
laminate (including high T, and halogen-free). This material provides a reliable and cost-
effective solution for the vast majority of designs.

* High glass transition temperature laminates have a T, above 170°C.

* Middle glass transition temperature laminates are usually considered to have a T, of approximately 150°C.

> Low glass transition temperature laminates are usually considered to have a T, of 130°C and below.

% In accordance with IEC-61249-2-21, this report defines “halogen-free materials” as materials that are <900ppm by
weight chlorine; <900ppm by weight bromine; and <1,500ppm maximum total halogens.

2-1
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* Many laminators offer halogen-free FR-4 laminate materials. These materials are
typically designed to be drop-in replacements for current halogenated materials, but they
carry a price premium. Halogen-free materials have been slowly gaining acceptance on a
regional basis.

= There are special applications that call for laminate materials with characteristics beyond
the capability of FR-4. These materials consist of special integrated circuit packaging
substrates and materials for use in wireless or high-speed digital applications, including
laminate containing bismaleimide-triazine (BT) resins, poly(p-phenylene oxide) (PPO),
high-performance PTFE, and polyimide.

Figure 2-1: 2006 Global PCB Laminate Market by Supplier
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Figure 2-2: 2006 Global PCB Laminate Market by Material Type
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Global sales of laminate materials in 2006 were estimated at $7.66 billion. In terms of area
production, it is estimated that more than 420.2 million squar ters of laminate was
manufactured to support the PCB industry in 2006. The distrib of laminate sales
geographically and the leading suppliers to each region are shown in Figures 2-3 and 2-4.

Figure 2-3: 2006 Regiona inate Sales into the Region
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Figure 2-4: 2006 Laminate Sales by Region
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2.2 Halogen-Free Laminate Market

There has been a continuous increase in the demand for halogen-free material over the past few
years. In 2003, the global halogen-free laminate market was approximately $60 million. In 2004
this market grew to $161 million, in 2005 it reached $239 million, and it is estimated at $307
million for 2006.

Most laminate suppliers now include halogen-free materials in their portfolio. Pricing for
halogen-free laminate is still higher than conventional material by at least 10 percent, and often
by much more. Tallying the production volumes of such leading laminate manufacturers as
Hitachi Chemical, NanYa, Matsushita, ITEQ, Isola, Park Nelco, and others, Prismark has
constructed a market segmentation, shown in Figure 2-5.

2-4
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Figure 2-5: 2006 Global Halogen-Free Laminate Market
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2.3 Current Research Efforts

While demand for halogen-free laminates is increasing, there is currently a lack of information
regarding their performance and environmental impact. The International Electronics
Manufacturing Initiative (iNEMI) and the High Density Packaging User Group (HDPUG) have
taken on separate but complementary roles in helping to fill information gaps.

The iNEMI project is focusing on performance testing of commercially available halogen-free
materials to determine their electrical and mechanical properties. The current list of laminate
materials identified by iNEMI for further study includes nine laminate materials from seven
different suppliers:

* NanYa NPG-TL and NPG-170TL

= Hitachi BE-67G(R)

= TUCTU-742

= MEW R1566W

= JTEQIT140G and IT155G

= Shengyi S1155

= Supresta FR Laminate

While not in the final list for further study, the following laminates were also identified as
promising candidates by iNEMI:

= Isola DE156 and IS500

= TUC TU-862

= [TEQIT170G

= Nelco 4000-7EF

Testing and evaluation of these laminate materials is currently under way.



DRAFT REPORT

In contrast to the iNEMI project, HDPUG is collecting existing data on halogen-free flame-
retardant materials; no performance testing will be conducted. HDPUG is creating a database of
information on the physical and mechanical properties of halogen-free flame-retardant materials,
as well as the environmental properties of those materials. The HDPUG project will take a broad
look at flame-retardant materials, both ones that are commercially viable and in research and
development. The list of materials to be included in the database will be available later this year.

Even though they are taking on different roles, HDPUG and iNEMI have been in contact with
each other, as well as this DfE partnership project, to ensure minimal duplication in scope. The
results of their efforts will help inform companies that want to select halogen-free laminate
materials.

2.4 Process for Manufacturing FR-4 Laminates

This section describes general processes for manufacturing epoxy resins and laminates. Specific
chemicals and process steps can differ between manufacturers and intended use of the product.

2.4.1 Epoxy Resin Manufacturing

The process for making brominated epoxy resins that are used to make FR-4 laminates is shown
below. Two different classes of oligomers (low molecular weight linear polymers) are in
common use. The simplest are prepared by reacting TBBPA with a “liquid epoxy resin” (“X” is
hydrogen in this case). The products (for example D.E.R.™ 530) have an M, (number average
molecular weight) of 800-1,000 g/mole and contain about 20 percent bromine by weight After
the oligomers are prepared, they are dissolved in a variety of solvents such as acetone or methyl
ethyl ketone (2-butanone) to reduce the viscosity.. The M,, (average molecular weight) is
typically about 2,000 g/mole. An excess of the epoxy resin is used, and therefore essentially all
of the TBBPA is converted.

Br Br X X

TBBPA 'X' BrorH

heat + catalyst

MO OO OM

In cases where it is desired to have an oligomer with a higher concentration of bromine, the
liquid epoxy resin is replaced with a brominated epoxy resin (“X”” = Br in the above structure).
The products (D.E.R.™ 560 is a typical example) have similar molecular weights, but the
content of bromine is higher (about 50 percent bromine by weight). These “high-brominated”
resins are typically used when other non-brominated materials must be added to the formulation
(or “varnish”).
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In the past a large majority of laminate varnishes would be prepared by simply combining the 20
weight percent brominated resin with 3 percent weight “dicy” (dicyandiamide) as a curing agent,
along with additional solvent. After the solvent was removed and the laminate pressed, the
thermoset matrix would contain about 20 percent bromine by weight. This is sufficient bromine
to allow the thermoset matrix to pass the VO performance requirements in the standard UL 94
test. The cure chemistry of dicy is very complex and inadequately understood. However, it is
known to be capable of reacting with 4, 5, or even 6 epoxy groups.

“Catalysts” such as 2-methylimidazole are used to increase the cure rate. Imidazoles are not true
catalysts: they initiate polymer chains, and become covalently bound to the matrix.

A simplified representation of the final thermoset is shown below. In a properly cured laminate
all of the resin has become one molecule, meaning every atom is.covalently linked into one
three-dimensional structure. This is desirable because it means that there are no leachable (or
volatile) materials that can be released during the various procedures used to make a final printed

circuit board.
polymer "

polymehrhﬂY\ O O /\/\ O O OH;’ )\N;EN

polymer polymer

With the advent of lead-free solders that melt at higher temperatures, phenolic hardeners (in
place of dicy) are becoming more common. Such formulations typically have higher
decomposition temperatures. A common phenolic hardener is an oligomer prepared from phenol
and formaldehyde that has the structure shown below. These “novolaks” typically have 2.5 to
5.5 phenolic groups per molecule, which translates to M,’s of 450 to 780 g/mole. Bisphenol A
novolak is also becoming increasingly common to boost the glass transition temperature.

OH OH OH
= Z
n

The cross-linked matrix formed in this case is represented below. The use of phenolic hardeners
in the formulation has the effect of reducing the bromine concentration in the final cured resin.
In some cases additional flame retardant is needed to meet the UL 94 VO classification. This is
typically a solid additive such as alumina trihydrate (ATH) or other fillers. Other methods are to
mix in a fraction of the fully brominated resin that contains 50 percent bromine by weight.
Finally, additional TBBPA and liquid epoxy resin can be mixed into the crosslinked matrix to
increase the bromine concentration of the final cured resin, although it is unclear how common
this practice is among epoxy resin manufacturers (Mullins, 2008).

polymer‘u polymel{k
w M C P
o Yfonr @
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This description does not cover all of the formulations used by laminate producers to meet their
product specifications. Various epoxy novolaks can be added.

The process of making epoxy resins containing alternative FRs is similar to the process used for
making brominated epoxy resins. In the case of phosphorus-based FRs, the epoxy resin is
produced by reacting diglycidyl ether of bisphenol A (DGEBA) or an epoxy novolak with a
stoichiometric deficiency of phosphorus flame retardant. This gives a new resin containing both
an epoxy group and covalently bound phosphorus. Alternatively, a phosphorus-containing
hardener can be prepared by condensing a phenolic compound with a phosphorus-containing
flame retardant. For example, hydroquinone can condense with phosphorus-containing flame
retardants in the presence of an oxidizing agent to give a hydroquinone-phosphorus compound.
The laminator uses this hardener in conjunction with an epoxy resin (such as an epoxy novolak)
and catalysts. A laminate can also be made halogen-free by using solid inorganic flame
retardants (or fillers) to achieve the VO requirement of the UL 94 fire safety standard. A
phosphorus content of about 4 to 5 percent by weight in the laminate is generally sufficient to
achieve the VO requirement of the UL 94 fire safety standard.

2.4.2 Laminate Manufacturing

Most PCBs are composed of 1 to 16 conductive layers separated and supported by layers
(substrates) of insulating material. In a typical four-layer board design, internal layers are used
to provide power and ground connections with all other circuit and component connections made
on the top and bottom layers of the board. The more complex board designs have a large number
of layers necessary for different voltage levels, ground connections, and circuit package formats.

The basic layer of the printed circuit board is a woven fiberglass mat embedded with a flame-
resistant epoxy resin. A layer of copper is often placed over this fiberglass/epoxy layer, using
methods such as silk screen printing, photoengraving, or PCB milling to remove excess copper.
Various conductive copper and insulating dielectric layers are then bonded into a single board
structure under heat and pressure. The layers are connected together through drilled holes called
vias, typically made with laser ablation or with tiny drill bits made of solid tungsten carbide.

The drilled holes can then be plated with.copper to provide conductive circuits from one side of
the board to the other (How Products Are Made, 2006).

Next, the outer surfaces of a PCB may be printed with line art and text using silk screening. The
silk screen, or “red print,” can indicate component designators, switch setting requirements, test
points, and other features helpful in assembling, testing, and servicing the circuit board. PCBs
intended for extreme environments may also be given a conformal coat made up of dilute
solutions of silicone rubber, polyurethane, acrylic, or epoxy, which is applied by dipping or
spraying after the components have been soldered. This coat will prevent corrosion and leakage
currents or shorting due to condensation.

Once printed, components can be added in one of two ways. In through-hole construction,
component leads are electrically and mechanically fixed to the board with a molten metal solder,
while in surface-mount construction, the components are soldered to pads or lands on the outer
surfaces of the PCB. The parts of the circuit board to which components will be mounted are
typically “masked” with solder in order to protect the board against environmental damage and
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solder shorts. The solder itself was traditionally a tin-lead alloy, but new solder compounds are
now used to achieve compliance with the Restriction of Hazardous Substances (RoHS) directive
in the European Union (EU), which restricts the use of lead. These new solder compounds
include organic surface protectant, immersion silver, and electroless nickel with immersion gold
coating (Oresjo and Jacobsen, 2005). Tin-silver-copper alloys (SACs) have also been developed,
some containing small amounts of an additional fourth element (IPC, 2005; Lasky, 2005).

After construction, the PCB’s circuit connections are verified by sending a small amount of
current through test points throughout the board. The PCB is then ready to be packaged and
shipped for use (Electronic Interconnect, 2007).

2.5 Next Generation Research and Development

Most research and development is oriented around improving the performance of FR-4
laminates. For example, manufacturers are seeking to improve the glass transition temperature
(T,) of FR-4 laminates in order to produce laminates better able to withstand heat. A higher T, is
generally compatible with the use of lead-free solder, which often requires a higher soldering
temperature (Thomas et al., 2005). Manufacturers often consider T, together with the
decomposition temperature (T4) when assembling lead-free assemblies. Ty is the temperature at
which material weight changes by 5 percent. Due to marketplace concerns over potential
environmental impacts of TBBPA, such as the possible generation of dioxins and furans during
combustion, the development of non-halogen flame retardants (discussed in Section 3.2) has also
been a priority of manufacturers. However, concerns over the human health and environmental
impact, as well as the expense and performance of laminates containing these flame retardants,
are still an issue.

There are many types of FR-4 laminates under development that have a resin design different
from the epoxy-based construction described above. These typically include more thermally
stable inflexible structures (such as biphenyl or naphthalene groups) and/or nitrogen heterocyclic
structures (such as reacted-in triazine, oxazoline, or oxazine rings). Another alternative to epoxy
resin, polyimide resin, can be produced through condensation reactions between aromatic
dianhydrides and aromatic diamines (Morose, 2006). IF Technologies has manufactured an
aliphatic liquid epoxy resin system produced from epoxidized plant oils and anhydrides that
reduces emissions, decreases toxicity, and replaces bisphenol A and epichlorohydrin. Other
technologies in development use substances such as keratin, soybean oil, or lignin in the
manufacturing process.

Improvements in the lamination process are also being developed. Technologies may soon
enable the formation and multi-layering at room temperature of ceramic film on resin circuit
boards, allowing for further multi-functionality, miniaturization, and cost reduction of electronic
devices (PhysOrg, 2004). Laser drilling techniques will allow for the production of smaller
microvias, which may allow for the creation of smaller circuit boards (Barclay, 2004). Lasers
can also be used for direct copper ablation, as they can quickly vaporize copper without
damaging the epoxy and glass substrate (Lange, 2005).
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3 Chemical Flame Retardants for FR-4 Laminates

This chapter summarizes the general characteristics of flame retardants and associated
mechanisms of flame retardancy. The flame-retardant chemicals currently used in printed circuit
boards are also briefly introduced, with more detailed information about their potential exposure
pathways, toxicity, and life-cycle considerations presented in later chapters.

3.1 General Characteristics of Flame-Retardant Chemicals

Fire occurs in three stages: (a) thermal decomposition, where the solid, or condensed phase,
breaks down into gaseous decomposition products as a result of heat, (b) combustion chain
reactions in the gas phase, where thermal decomposition products react with an oxidant (usually
air) and generate more combustion products, which can then propagate the fire and release heat,
and (c) transfer of the heat generated from the combustion process back to the condensed phase
to continue the thermal decomposition process (Hirschler, 1992; Beyler and Hirschler, 2002).

In general, flame retardants decrease the likelihood of a fire occurring and/or decrease the
undesirable consequences of a fire (Lyons, 1970; Cullis and Hirschler, 1981). The simplest way,
in theory, of preventing polymer combustion is to design the polymer so that it is thermally very
stable. Thermally stable polymers are less likely to thermally degrade, which prevents
combustion from initiating. However, thermally stable polymers are usually difficult and
expensive to process, and do not typically perform well. As a result, manufacturers use other
methods, such as using flame-retardant chemicals, to impart flame-retardant properties to
polymers.

Flame retardants typically function by decreasing the release rate of heat (Hirschler, 1994), thus
reducing the burning rate or flame spread of a fire, or by reducing smoke generation (Morose,
2006). In the gas phase, flame retardants can interfere with free radical chain reactions, thereby
reducing the tendency of the fire to propagate and spread. Flame retardants can also act in the
gas phase by cooling reactants and thereby decrease the rate of combustion. In the condensed, or
solid, phase flame retardants can act by forming a solid char (or a glassy layer), which interferes
with the transfer of heat back from the gas phase to the condensed phase. This inhibits or
prevents further thermal decomposition.

Typically, flame retardants contain one of the following seven elements: chlorine, bromine,
aluminum, boron, nitrogen, phosphorus, or antimony (Lyons, 1970; Cullis and Hirschler, 1981;
Hirschler, 1982). There are, however, a number of replacements and synergists that are also
effective. For example, aluminum (which is most often used as an oxide or hydroxide) can be
replaced with magnesium hydroxide or by a magnesium salt. In addition, some elements, such
as zinc (often used as zinc borate or zinc stannate) and molybdenum (often used as ammonium
molybdates), are effective primarily as smoke suppressants in mixtures of flame retardants.

3.1.1 Flame-Retardant Classification

Flame retardants are generally incorporated throughout the polymeric material, although they can
also be coated on the external surface of the polymer to form a suitable protective barrier. Flame
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retardants can be classified, broadly speaking, into two types according to the method of
incorporation:

Reactive: Reactive flame retardants are incorporated into polymers via chemical
reactions. The production of existing polymers is modified so that one or more
unsubstituted reactant monomers is replaced with a substituted monomer containing
flame-retardant heteroelements. The substituted monomers and their heteroelement
components become an integral part of the resulting polymer structure. Reactive flame
retardants must be incorporated at an early stage of manufacturing, but once introduced
they become a permanent part of the polymer structure. Once chemically bound, the
reactive flame-retardant chemicals cease to exist as separate chemical entities. Reactive
flame retardants have a greater effect than additive flame retardants on the chemical and
physical properties of the polymer into which they are incorporated.

Additive: Additive flame retardants are incorporated into the compounds via physical
mixing. Compounds containing flame-retardant elements are mixed with existing
polymers without undergoing any chemical reactions. As a result, the polymer/additive
mixture is less susceptible to combustion than the polymer alone. Since additive flame
retardants can be incorporated into the product up until the final stages of manufacturing,
it is typically simpler for manufacturers to use additive flame retardants than reactive
flame retardants.

Due to the differing physical and chemical properties of flame-retardant chemicals, most are
used exclusively as either reactive or additive flame retardants. Both reactive and additive flame
retardants can significantly change the properties of the polymers into which they are
incorporated. For example, they may change the viscosity, flexibility, density, and electrical
properties, and may also increase the susceptibility of the polymers to photochemical and
thermal degradation.

Flame retardants can also be classified into four main categories according to chemical
composition (IPC, 2003; and Morose; 2006):

Inorganic: This category includes silicon dioxide, metal hydroxides (e.g., aluminum
hydroxide and magnesium hydroxide), antimony compounds (e.g., antimony trioxide),
boron compounds (e.g., zinc borate), and other metal compounds (molybdenum trioxide).
As a group, these flame retardants represent the largest fraction of total flame retardants
in use.

Halogenated: These flame retardants are primarily based on chlorine and bromine.
Typical halogenated flame retardants are halogenated paraffins, halogenated alicyclic and
aromatic compounds, and halogenated polymeric materials. Some halogenated flame
retardants also contain other heteroelements, such as phosphorus or nitrogen. When
antimony oxide is used, it is almost invariably used as a synergist for halogenated flame
retardants. The effectiveness of halogenated additives, as discussed below, is due to their
interference with the radical chain mechanism in the combustion process of the gas
phase. Brominated compounds represent approximately 25 percent by volume of the
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global flame-retardant production (Morose, 2006). Chemically, they can be further
divided into three classes:

o Aromatic, including tetrabromobisphenol A (TBBPA), polybrominated diphenyl
ethers (PBDEs), and polybrominated biphenyls.

o Aliphatic

o Cycloaliphatic, including hexabromocyclododecane (HBCD).

»  Phosphorus-based: This category represents about 20 percent by volume of the global
production of flame retardants and includes organic and inorganic phosphates,
phosphonates, and phosphinates as well as red phosphorus, thus covering a wide range of
phosphorus compounds with different oxidation states. There are also halogenated
phosphate esters, often used as flame retardants for polyurethane foams or as flame-
retardant plasticizers but not commonly used in electronics applications (Hirschler, 1998;
Green, 2000; Weil, 2004).

= Nitrogen-based: These flame retardants include melamine and melamine derivatives
(e.g., melamine cyanurate, melamine polyphosphate). It is rare for flame retardants to
contain no heteroatom other than nitrogen and to be used on their own. Nitrogen-
containing flame retardants are often used in combination with phosphorus-based flame
retardants, often with both eclements in the same molecule.

3.1.2 Flame Retardant Modes of Action

The burning of polymers is a complex process involving a number of interrelated and
interdependent stages. It is possible to decrease the overall rate of polymer combustion by
interfering with one or more of these stages. The basic mechanisms of flame retardancy will
vary depending on the flame retardant and polymer system.

Flaming Combustion

Chemical Inhibitors — Some flame retardants interfere with the first stage of burning, in which
the polymer undergoes thermal decomposition and releases combustible gases. Interference
during this stage alters polymer breakdown in such a way as to change either the nature of
released gases or the rate at which they are released. The resulting gas/oxidant mixture may no
longer be flammable.

Fillers — A completely different mode of action is that exerted by inert solids incorporated into
polymers. Such materials, known as fillers, absorb heat and conduct heat away by virtue of their
heat capacity and thermal conductivity, respectively. As a result, fillers keep polymers cool and
prevent them from thermally decomposing. The temperature is kept down even more effectively
if the fillers decompose endothermically. Since fillers act predominantly via a physical rather
than a chemical process, large levels of fillers are needed.

Protective Barriers — Some flame retardants cover the flammable polymer surface with a non-

flammable protective coating. This helps insulate the flammable polymer from the source of
heat, thus preventing the formation of combustible breakdown products and their escape into the
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gas phase. The non-flammable coating may also prevent gaseous oxidants (normally air or
oxygen) from contacting the polymer surface. Intumescent compounds, which swell as a result
of heat exposure, lead to the formation of a protective barrier in which the gaseous products of
polymer decomposition are trapped. Alternatively, a non-flammable layer can be directly
applied to the surface of the polymer to form a non-intumescent barrier coating. Many
phosphorus-containing compounds form such non-intumescent surface chars.

Gaseous Phase Mechanisms — Flame-retardant chemicals can also inhibit combustion of the
gaseous products of polymer decomposition. These reactions are known as the gaseous flame
reactions. As for condensed phase inhibition, there are several rather distinct possible modes of
action.

In some cases, flame retardants lead to the release of reactive gaseous compounds into the
combustion zone, which can replace highly active free radicals with less reactive free radicals.
The less reactive free radicals slow the combustion process and reduce flame speed. In other
cases, flame retardants can cause the evolution of a small particle “mist” during combustion.
These small particles act as “third bodies” that catalyze free-radical recombination and hence
chain termination. This mode of action is typical of halogenated flame retardants, which usually
act by decomposing at high temperature to generate hydrogen chloride or hydrogen bromide.
These compounds react with oxygenated radicals and inhibit gas phase combustion reactions
(Cullis and Hirschler, 1981; Hirschler, 1982; Georlette et al., 2000).

Flame-retardant chemicals can also operate by releasing relatively large quantities of inert gas
during decomposition, which can change the composition and temperature of gaseous polymer
decomposition products. The resulting mixture of gaseous products and surrounding gaseous
oxidants are no longer capable of propagating flame. In some systems, when the polymer burns
the flame-retardant chemical is released chemically unchanged as a heavy vapor, which
effectively “smothers” the flame by interfering with the normal interchange of combustible
gaseous polymer decomposition products and combustion air or oxygen. This mode of action is
typical of metal hydroxides, such as aluminum or magnesium hydroxide (Horn, 2000).

Melting and Dripping — Some flame-retardant chemicals inhibit combustion by interfering with
the transfer of heat from combustion back to the polymer. Certain chemicals may promote
depolymerization, which lowers the molecular weight of the polymer and facilitates melting. As
the burning melt drips away from the bulk of the polymer it carries with it a proportion of the
heat that would otherwise contribute to polymer decomposition and volatilization. By reducing
the release of volatile decomposition products into the gas phase, these flame retardants reduce
the amount of gaseous decomposition products available to feed the flame. While enhanced
melting should decrease flammability in theory, in practice droplets of burning molten polymer
may help spread a fire to other combustible materials.

Ablation — Combustion can also be retarded by coating or constructing the polymer in such a
way that, when it burns, incandescent sections disintegrate from the original polymer and remove
with them heat from the combustion zone. This mechanism of action, known as ablation, is in a
sense the solid phase parallel of liquid phase melting and dripping. A surface char layer is
frequently formed, which isolates the bulk of the polymer material from the high temperature
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environment. This charry layer remains attached to the substrate for at least a short period while
a degradation zone is formed underneath it. In this zone, the organic polymer undergoes melting,
vaporization, oxidation, or pyrolysis. The ablative performance of polymeric materials is
influenced by polymeric composition and structure, as well as environmental factors, such as
atmospheric oxygen content. Higher hydrogen, nitrogen, and oxygen content of the polymer
increases the char oxidation rate; higher carbon content decreases the char oxidation rate
(Levchik and Wilkie, 2000).

Smoldering (Non-Flaming) Combustion

Smoldering (non-flaming) combustion and the closely related phenomenon of glowing
combustion occur primarily with high-surface area polymeric materials that break down during
combustion to form a residual carbonaceous char (typically cellulosic materials). In general, it is
possible to inhibit non-flaming combustion either by retarding or preventing the initial
breakdown of the polymer to form a char, or by interfering with the further combustion of this
char. Boric acid and phosphates are the primary flame retardants used for preventing non-
flaming combustion of organic polymers.

3.2 Flame-Retardant Chemicals Currently Used in FR-4 Laminates

Over the last several years, the electronics industry has been increasingly focused on researching
and developing halogen-free alternatives to TBBPA, due in large part to environmental concerns
and the anticipation of possible regulatory actions in the European Union. Several flame-
retardant chemicals are commercially available to meet fire safety standards for FR-4 laminates.
Currently, the halogenated flame retardant TBBPA 1s used in approximately 90 percent of FR-4
PCBs. The majority of halogen-free alternatives to TBBPA are based on phosphorus compounds
that are directly reacted into the epoxy resin or combined with aluminum trioxide or other fillers
(De Boysére and Dietz, 2005). This section briefly discusses TBBPA, dihydrooxaphospha-
phenanthrene (DOPO), Fyrol PMP, and four commonly used halogen-free fillers: aluminum
hydroxide, melamine polyphosphate, metal phosphinate, and silica. In this report, these four
fillers are also referred to as additive flame retardants.

Reactive Flame-Retardant Chemicals

TBBPA
Br O O Br
HO OH
Br Br

TBBPA is a crystalline solid with the chemical formula C;5H;,Br4O,. TBBPA increases the
glass transition temperature (T,) of the epoxy resins, and enables the resin to achieve a UL 94 VO
flammability rating. TBBPA is most commonly reacted into the epoxy resin through “chain
extension,” meaning TBBPA is reacted with a molar excess of diglycidyl ether of bisphenol A
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(DGEBA), or other similar epoxy. Once the TBBPA is chemically bound, the finished epoxy
resin typically contains about 18 to 21 percent bromine (Weil and Levchik, 2004).

TBBPA is produced by several flame-retardant manufacturers. According to HDPUG (2004)
and Morose (2006), TBBPA’s market dominance is due primarily to its moisture resistance,
thermal stability, cost-effectiveness, compatibility with the other components of PCBs, and
ability to preserve the board’s physical properties. Aside from PCBs, another primary
application of TBBPA is its use as an additive flame retardant in the acrylonitrile-butadiene-
styrene (ABS) resins found in electronic enclosures of televisions and other products.

DOPO

DOPO is a hydrogenphosphinate made from o-phenyphenol and phosphorus trichloride. Similar
to TBBPA, it can be chemically reacted to become part of the epoxy resin backbone. DOPO was
originally developed as a flame retardant for polyester textile fibers and also has applications as
an antioxidant-type stabilizer (Weil and Levchik, 2004). Due to DOPO’s higher cost (it costs
nearly four times as much as TBBPA), its use has been limited by laminate manufacturers. To
decrease the cost of their formulations, some laminate manufacturers are using DOPO in
combination with less expensive materials such as ATH and/or silica (Thomas et al., 2005) or

along with more cost-effective compounds like metal phosphinates (De Boysere and Dietz,
2005).

Fyrol PMP

HO o \__O OH
P\O O/P\\ n
/ o)

Fyrol PMP is an aromatic phosphonate oligomer with high phosphorus content (17 to 18
percent). Similar to TBBPA and DOPO, Fyrol PMP can be chemically reacted to become part of
the epoxy resin backbone. When reacted into a phenol-formaldehyde novolak epoxy, Fyrol PMP
provides good flame retardancy at loadings as low as 20 percent (Weil, 2004).
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Flame-Retardant Fillers

Aluminum Hydroxide

HO OH
~u

OH
While the current use of aluminum hydroxide (Al(OH)s) in FR-4 PCBs is relatively low, it
remains the largest volume flame retardant used worldwide, with an estimated 42 percent volume
market share in 2006 (BCC, 2006). Aluminum hydroxide is commonly referred to as alumina
trihydrate (ATH) and is currently used to impart flame retardancy and smoke suppression in
carpet backing, rubber products, fiberglass-reinforced polyesters, cables, and other products. It
is also used in the manufacture of a variety of items — antiperspirants, toothpaste, detergents,
paper, and printing inks — and is used as an antacid.

ATH is difficult to use alone to achieve the FR-4 rating of laminates, and as a result, high
loadings relative to the epoxy resin, typically up to 60 to 70 percent by weight, are needed
(Morose, 2006). ATH is most commonly used in FR-4 PCBs as a flame-retardant filler, in
combination with DOPO or other phosphorus-based compounds. When heated to 200-220°C,
ATH begins to undergo an endothermic decomposition to 66 percent alumina and 34 percent
water (Morose, 2006). It retards the combustion of polymers by acting as a “heat sink” —i.e., by
absorbing a large portion of the heat of combustion (HDPUG, 2004).

Melamine Polyphosphate

o0
HO/{/ T\ok T\OH
o} OH
H
H,N /N+\(NH2

NY|N

NH,
Melamine polyphosphate, an additive-type flame retardant based on a combination of
phosphorous and nitrogen chemistries, is typically used as crystalline powder and in combination
with phosphorus-based compounds. Its volume market share in 2006 was slightly more than 1
percent (BCC, 2006) but is expected to increase as the demand for halogen-free alternatives
increases. Similar to ATH, melamine polyphosphate undergoes endothermic decomposition but
at a higher temperature (350°C). It retards combustion when the released phosphoric acid coats
and therefore forms a char around the polymer, thus reducing the amount of oxygen present at
the combustion source (Special Chem, 2007). Melamine polyphosphate does not negatively

impact the performance characteristics of standard epoxy laminates, and functions best when
blended with other non-halogen flame retardants (Kaprinidis, 2008). Melamine polyphosphate
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dissociates in water to form melamine cations and phosphate anions, both of which are shown in
Table 4-1.

Metal Phosphinates
O
R—_ | | - +
P—O | M"
2"
n

Flame retardants based on phosphinate chemistry are a relatively new class of halogen-free flame
retardants on the market. One such phosphinate-based flame retardant — Exolit OP930, produced
by Clariant — is a fine-grained powder with high phosphorus content (23 to 24 percent) used as a
filler in FR-4 laminates (De Boysere and Dietz, 2005). It is designed primarily for use in FR-4
laminate materials with T, greater than 150°C (mid-range and-high T, applications). Like most
phosphorus-based compounds, metal phosphinates achieve flame retardancy by forming a char
barrier upon heating, thereby cutting off access to.the oxygen needed for the combustion process.
Due to its low density and high surface area, Exolit OP 930 cannot be used alone. It is typically
used as a powerful synergist in combination with modified resins and sometimes other filler-type
FRs.

Silica

* O—_—*

iSi\

* O—_n—*
Also known as silicon dioxide (SiOy), silica is characterized by its abrasion resistance, electrical
insulation, and high thermal stability. Silica is not a flame retardant in the traditional sense. It
dilutes the mass of combustible components, thus reducing the amount of FR necessary to pass
the flammability test. Silica is most commonly used in combination with novolak-type epoxy
resins. For example, silica clusters can be reacted with phenolic novolak resins (the resin bonds
to hydroxyl groups on the silica cluster) to form a silica-novolak hybrid resin (Patent Storm,
2002). It can be used as an inert, low expansion material in both the epoxy resin and electronic

circuit. One drawback is its abrasiveness, which affects drilling operation during the PCB
manufacturing process.

Magnesium Hydroxide
HO—Mg—OH

Magnesium hydroxide is functionally similar to ATH, in that it endothermically decomposes at
high temperatures to produce an oxide (MgO) and water. The absorption of heat retards the
combustion of polymers, and the release of water may create a barrier that prevents oxygen from
supporting the flame (Huber, 2007). However, whereas ATH undergoes thermal decomposition
at 200-220°C, magnesium hydroxide decomposes at approximately 330°C. This allows
manufacturers to use magnesium hydroxide when processing temperatures are too high for ATH
(Morose). Just like for ATH, high loadings of magnesium hydroxide are required to achieve the
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FR-4 rating. In many polymer systems, in order to reduce loadings, magnesium hydroxide is
sometimes combined with more effective flame retardants, such as phosphorus (Morose, 2006).

Other Chemicals

Following is a brief description of other chemicals that can be used as flame retardants in FR-4
PCBs but are not evaluated in this paper.

Ammonium Polyphosphate

Ammonium polyphosphate is an intumescent flame retardant, meaning that it swells when
exposed to heat, and can be used in epoxies. However, it is not commonly used in electronic
applications. At high temperatures (>250°C) ammonium polyphosphate decomposes into
ammonia and polyphosphoric acid. When exposed to water, polyphosphate reacts to form
monoammonium phosphate, a fertilizer (Chemische Fabrik Budenheim, 2007).

Red Phosphorus

Red phosphorus is produced from white phosphorus by heating white phosphorus in its own
vapor to 250°C in an inert atmosphere. It is fairly stable and is used in the manufacture of
several products, such as matches, pesticides, and flame retardants (Lide, 1993; Diskowski and
Hofmann, 2005). Its main use as a flame retardant is in fiberglass-reinforced polyamides.
Although it does function in epoxy resins, it is not recommended for electronic applications,
because red phosphorus can form phosphine (PH3) and acidic oxides under hot and humid
conditions (Clariant, 2002). The oxides can lead to metal corrosion, and hence electric defects
can occur (Clariant, personal communication 2007).

Antimony Oxide

Antimony oxide, typically antimony trioxide (Sb,O3), can be used as a flame retardant in a wide
range of plastics, rubbers, paper, and textiles. Antimony trioxide does not usually act directly as
a flame retardant, but as a synergist for halogenated flame retardants. Antimony trioxide
enhances the activity of halogenated flame retardants by releasing the halogenated radicals in a
stepwise manner. This retards gas phase chain reactions associated with combustion, which
slows fire spread (Hastie and McBee, 1975; Hirschler, 1982; Chemical Land 21, 2007).

Melamine Cyanurate

Melamine cyanurate is relatively cheap and highly available. However, it is a poor flame
retardant and requires high dosage (>40 percent weight) (Albemarle, 2007).

3.3 Next Generation Research and Development of Flame-Retardant Chemicals

Some companies are already offering halogen-free alternatives to TBBPA. JJI Technologies, for
example, is developing new activated, non-halogen flame-retardant formulations for PCBs —
both additive and reactive. An activated flame retardant is one that provides enhanced flame
retardancy through the incorporation of an activator, which may consist of either a char-forming
catalyst or phase-transfer catalyst or both. Activated flame retardants may improve flame-
retarding features, including faster generation of char, higher char yield, denser char, self-
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extinguishing performance, thermal insulation, and lower smoke emissions (JJI Technologies,
2007).

In addition to halogen-free alternatives to TBBPA, flame-retardant manufacturers are currently
exploring ways to achieve a VO rating in the UL 94 fire test result through the redesign of flame-
retardant chemicals and epoxy resin systems. One of the largest areas of research and
development involves the use of nanotechnology to impart flame retardancy and increased
functionality to PCBs and other electronics products. However, their technical and commercial
viability is still limited, and their future use in commercial settings remains unknown. So far,
only combinations of nano flame retardants with traditional flame retardants have met
performance requirements. In addition, these new nano-traditional flame-retardant combinations
are only usable in certain polymer systems.

One type of halogen-free nano flame retardant is being developed through the synthesis of
ethylene-vinyl acetate (EVA) copolymers with nanofillers (or nanocomposites) made of
modified layered silicates (Beyer, 2005). Nanofillers are incorporated into the olefin polymer
during the polymerization process by treating the surface of the nanofiller to induce hydrophobic
tendencies. The hydrophobic nanofiller disperses in the olefin monomors, which then undergo
polymerization and trap the nanofillers (Nanocor, 2007). Nanocomposites can also incorporate
aluminum into their structures, and can be combined with additive flame retardants, such as
aluminum hydroxide (ATH), leading to a reduction of the total ATH content and a corresponding
improvement in mechanical properties (Beyer, 2005).
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4 Evaluation of Flame Retardants

This section summarizes the toxicological and environmental fate aspects of TBBPA and each
alternative flame-retardant chemical that is considered a viable substitute for TBBPA for FR-4
PCBs. Chemical components less than 1 percent by weight were not considered in this
assessment. The characteristics of the chemicals in each formulation are summarized
qualitatively in Section 4.1 using a relative ranking scheme, and more detailed characteristics of
the chemicals in each formulation are presented in Section 4.2. This report does not include
information on performance testing or cost.

4.1 Summary of Flame Retardant Assessments

These flame retardant evaluations are hazard assessments, not full risk assessments. Whereas
hazard measures a material’s inherent dangers, risk takes into account both hazard and the
amount of material to which workers, the community, or the environment comes into contact
(probability of exposure). In other words, risk = hazard x exposure. This means that chemicals
with high hazards do not necessarily pose a large risk. However, evaluating exposure is an
arduous and sometimes unnecessary task; if the hazard for a chemical is low, then risk is also
probably low. For chemicals with moderate or high hazards, risk may be low, moderate, or high
depending on exposure. This report provides screening-level information for hazard, which
could be combined with exposure information at a later date to calculate risk.

Although this report does not evaluate exposure, Chapter 5 provides information for evaluating
potential routes of exposure. A full exposure assessment considers the quantity, frequency,
duration, and route of exposure. In contrast, potential exposure only indicates the possibility of
exposure, not the probability of exposure. Physical, chemical, and environmental fate properties,
as well as whether the chemical is incorporated reactively or additively into a polymer, serve as
indicators of exposure potential. Potential exposure indicates whether a certain route of exposure
can occur; a full exposure assessment evaluates whether certain routes of exposure do occur and
to what extent. Understanding the potential for exposure routes and pathways to occur is critical
for conducting an exposure assessment. The concentration of a chemical in the mixture factors
into the overall exposure assessment and, therefore, the potential risk associated with the
commercial formulations of the flame-retardant alternatives.

Table 4-1 summarizes the toxicological and potential exposure characteristics of the chemicals
in each formulation considered in the alternatives analysis. The table qualitatively summarizes
toxicological endpoints for each chemical, including seven human health effects, two
ecotoxicity effects, and two environmental endpoints. Each of these endpoints is explained in
Table 4-2.

Each toxicological endpoint in Table 4-1 is assigned a rating of L., M, or H to indicate whether
the chemical presents a low (L), moderate (M), or high (H) hazard. Ifthe L, M, or H indicator is
colored, then the assignment was made using experimental data on the chemical. If the L, M, or
H indicator is italicized, then experimental data were not available for that chemical, and the
assignment was estimated using structure activity relationships (SAR) analysis involving
modeling techniques and professional judgment.
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Table 4-2: Definitions of Toxicological and Environmental Endpoints

Toxicological Category

Toxicological
Endpoint

Definition

Human Health Effects

Cancer Hazard

Any growth or tumor caused by abnormal and uncontrolled
cell division.

Skin Sensitizer

Chemical that causes an allergic skin reaction characterized
by the presence of inflammation; may result in cell death.

Reproductive

Adverse effects on the reproductive systems of females or
males, including structural/functional alterations to the
reproductive organs/system, the related endocrine system,
mating, or fertility/reproductive success.

Developmental

Adverse effects on the developing organism (including
structural abnormality, altered growth, or functional
deficiency or death) resulting from exposure prior to
conception(in either parent), during prenatal development,
or postnatally up to the time of sexual maturation.

Neurological

Adverse effects on the central or peripheral nervous system.

Systemic

Adverse effect (other than those listed separately) that is of
either a generalized nature or that occurs at a site distant
from the point of entry of a substance: a systemic effect
requires absorption and distribution of the substance in the
body.

Genotoxicity

Induction of genetic changes in a cell as a consequence of
gene sequence changes (mutagenicity), or chromosome
number/structure alterations.

Ecotoxicity

Adverse effects observed

in living organisms that typically inhabit the wild. The

assessment focused on effects in aquatic organisms (fish, invertebrates, algae).

Acute

Short-term, in relation to exposure or effect. Exposures are
typically less than 96 hours.

Chronic

Effects observed after repeated exposures.

Environmental

Persistence

Attribute of a substance that indicates how long it remains
in the environment before degrading or becoming
assimilated by biological organisms. Screening
assessments examine two types of degradation:
biodegradation, which is degradation of material through
microbial processes; and abiotic degradation, which is
degradation of material through chemical reactions. For the
purposes of the screening, persistence is determined in air,
water, soil, and sediment.

Bioaccumulation

Ability of living organisms to concentrate a substance
obtained either directly from the environment or indirectly
through its food. Bioaccumulation is the sum of
bioconcentration (the increase in the concentration of a
chemical over that in an organism’s surroundings, such as
water) and biomagnification (the increase in the
concentration of a chemical over that in an organism’s
diet). For a screening assessment, the bioconcentration
factor (BCF) is used to determine the potential for
bioaccumulation.
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4.1.1 Explanation of Chemical Assessment Methodology

Chemical assessments reviewed toxicological characteristics for chemical components of the
flame-retardant formulations that constituted more than 1 percent by mass of the flame retardant
formulation. This level of review involved a comprehensive analysis of both primary and
secondary data, as described in detail in Sections 4.1.2 and 4.1.3. A less comprehensive review
was conducted for chemical components that constituted less than 1 percent by mass of the flame
retardant, as well as other materials of potential concern associated with the life cycle of the
flame retardants (see Section 4.3). Information regarding characteristics that affect potential
exposure was also compiled to complement the hazard assessments.

The methodology used to identify and evaluate experimental values in this screening assessment
followed a tiered approach. For each chemical assessed, data were collected in a manner
consistent with the High Production Volume (HPV) Chemical Challenge Program guidance on
searching for existing chemical information and data. This process resulted in a comprehensive
search of the literature for available experimental data. This, in turn, led to the collection and
review of articles from the scientific literature, industrial submissions, encyclopedic sources, and
government reports. In addition, data present in EPA databases (both public and confidential)
were obtained for this project. Generally, foreign language (non-English) reports were not used
unless they provided information that was not available from other sources.

The experimental studies and collected data were then reviewed and evaluated for adequacy
using a tiered approach with the following hierarchy:

* One or more studies were conducted in a manner consistent with established testing
guidelines

= Experimentally valid but non-guideline studies

= Reported data without supporting experimental details

= SAR methods for data gaps.

Studies were then evaluated to establish if the hazard data were of sufficient quality to meet the
requirements of the assessment process, as described in Section 4.1.

Data were considered adequate to fully characterize an endpoint if they were obtained using the
techniques identified in the HPV data adequacy guidelines. Studies performed according to
Harmonized EPA or Organisation for Economic Cooperation and Development (OECD)
guidelines were reviewed to confirm that the study followed all required steps. Experimental
studies published in the open literature were reviewed for their scientific rigor and were also
compared and contrasted to guideline studies to identify potential problems arising from
differences in the experimental methodology. Data from adequate, well-performed,
experimental studies were used to assign hazard levels in preference to those reported in
inadequate studies. When multiple adequate studies were available for a given endpoint, any
conflicts that were identified were addressed using a weight-of-evidence approach to
characterize the endpoint whenever possible. It should be noted, however, that the screening-
level assessment followed the criteria used by the EPA New Chemicals Program for new
chemicals submitted under the Toxic Substances Control Act (TSCA), which may have resulted
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in a moderate hazard level for toxicity being assigned if there was a single, adequate study that
was suggestive of potential adverse effects.

Although experimental data from a guideline or well-performed experimental study was used
preferentially, for some endpoints, information from secondary sources, Material Safety Data
Sheets, or online databases (such as the National Library of Medicine’s Hazardous Substances
Data Bank [HSDB]) could be applied successfully to the assessment process. These evaluations
considered the magnitude of the reported value relative to the criteria and cutoffs used in the
assessment as well as the complexity of the endpoint. For example, a melting point value may
have been considered adequate if all values reported in the literature for this endpoint were in
agreement with one another (but not necessarily identical), even though no experimental details
were provided. Similarly, a boiling point value reported in only one source (without supporting
experimental details) may have been considered adequate if its value was of a magnitude such
that any conclusions were consistent with the requirements of the assessment (e.g., a high
boiling, non-volatile material). The complexity of the experimental method was a critical
component of this determination. Melting point determinations are relatively trivial techniques
and may not require the same degree of review that is necessary for more complex experimental
methods, such as aquatic toxicity or water solubility studies. The level of analysis given to a
particular endpoint is provided in the “Data Quality” column of the chemical summary
assessment in Section 4.2, as appropriate.

For three chemicals assessed in this project, silicon dioxide, aluminum hydroxide, and
magnesium hydroxide, the literature review was limited primarily to available secondary sources
because these chemicals were anticipated to have been reviewed previously. Using high-quality
secondary sources therefore maximized available resources and eliminated potential duplication
of effort. However, more than one secondary source was typically used to verify reported
values, which also reduced the potential for presenting a value that was transcribed incorrectly in
the open literature. For these three chemical substances, only a single source for the
experimental value was usually referenced in the chemical summary assessment. Typically, this
was the data source consulted first. Although other sources might have also contained the same
experimental value for an endpoint, effort was not focused on building a comprehensive list of
these references, as it would not enhance the ability to reach a conclusion in the screening
assessment. If data for an endpoint could not be located in a secondary source for silicon dioxide
or aluminum hydroxide, then the primary literature was searched, experimental studies were
retrieved, and the assessment proceeded using the methodology discussed above.

For additional information on data adequacy and HPV guidelines, please see:

e HPV data adequacy guidelines: (http://www.epa.gov/chemrtk/pubs/general/datadfin.htm)

e HPV guidance on searching for existing chemical information and data:
(http://www.epa.gov/chemrtk/pubs/general/srchguid.htm
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4.1.2 Explanation of Toxicological and Environmental Endpoints Rating

The chemical assessments combine primary and secondary data on flame-retardant alternatives
from six sources: (1) publicly available, measured (experimental) data obtained from a
comprehensive literature review; (2) measured data from EPA OPPT confidential databases;

(3) SAR-based estimations from the EPA New Chemical Program’s Pollution Prevention (P2)
Framework and Sustainable Futures predictive methods; (4) estimations from the EPA Chemical
Categories document, which groups chemicals with shared chemical functionality and
toxicological properties into categories based on the EPA’s experience at evaluating chemicals
under the New Chemicals Program; (5) professional judgment of EPA staff who identified
experimental data on closely related analogs; and (6) confidential studies submitted by chemical
manufacturers. When experimental data were lacking, the expert judgment of scientists from
EPA’s New Chemical Program was used to assess physical/chemical properties, environmental
fate, aquatic toxicity, and human health endpoints.

Criteria Used to Assign Hazard Levels

Table 4-3 lists the criteria that were used to interpret the data collected in this document. These
criteria are used by the EPA New Chemicals Program to assign hazard levels to new chemicals
submitted under TSCA. EPA has published these criteria in several sources including USEPA
(1992) and USEPA (1994). EPA New Chemicals Program persistence criteria have been
published in the Federal Register (USEPA, 1999).

Table 4-3: Criteria Used to Assign Hazard Levels

Hazard Level Persistence Criteria
High Half-life in water, soil, or sediment > 180 days
Moderate Half-life in water, soil, or sediment between 60 and 180 days
Low Half-life in water, soil, or sediment < 60 days
Hazard Level Bioaccumulation Criteria
High Bioconcentration factor (BCF) > 5,000
Moderate BCEF between 1,000 and 5,000
Low BCF < 1,000
Hazard Level* Aquatic Toxicity Criteria
High Value is < 1 mg/L (chronic value <0.1 mg/L)
Moderate Value is between 1 and 100 mg/L (chronic value 0.1 and 10 mg/L)
Low Value is >100 mg/L (chronic value >10 mg/L) or log K, is greater than 8§
Hazard Level Human Health Criteria
High Evidence of adverse effects in human populations or conclusive evidence of
severe effects in animal studies
Moderate Suggestive animal studies, analog data, or chemical class known to produce
toxicity; covers a broad range of concerns from in vitro studies with limited
effects to many animal studies with substantial effects.
Low No basis for hazard identified

*If the water solubility is estimated, the chemical will not be considered to have “no effects at saturation” if the
estimated value is within a factor of 10 percent of the cutoff value. The hazard level will be considered low if “no
effects at saturation” (below the solubility limit).
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More information on the EPA New Chemicals Program criteria used to assign hazard levels can
be found on the Sustainable Futures Initiative Web site: http://www.epa.gov/oppt/sf/.

There are many other hazard classification systems that can be applied to the experimental data
listed in Section 4.2. Examples of these systems include:

= Globally Harmonized System of Classification and Labeling of Chemicals (GHS):
http://www.unece.org/trans/danger/publi/ghs/ghs rev00/00files e.html

= EPA’s Office of Pesticide Programs (OPP) A comparison of the OPP criteria and GHS
criteria; http://www.epa.gov/oppfeadl/international/global/ghscriteria-
summary.pdf?OpenDocument

= EU Dangerous Substance Directive: Links to the directive, annexes and all amendments
can be found here:
http://europa.eu.int/comm/environment/danstib/main67, 548/index_en.htm

= Annex 6 of the Directive lists the general labeling and classification requirements for
dangerous substances and preparations:
http://europa.eu.int/comm/environment/dansub/pdfs/annex6 _en.pdf

= (Canadian Hazardous Products Act (Canada), The Consumer Chemical Container
Regulations: http://laws.justice.gc.ca/en/H-3/SOR=2001-269/text.html

= The Controlled Products Regulations: http://laws.justice.gc.ca/en/H-3/SOR-88-
66/text.html

Physical/Chemical Property Endpoints

Physical/chemical properties provide basic information on the nature and characteristics of a
chemical substance that are used throughout the screening assessment process. These endpoints
provide information required to assess potential environmental release, exposure, and
partitioning as well as insight into the potential for adverse toxicological effects to be expressed.
The physical/chemical property endpoints that appear in the chemical screening assessment are
described below. For information on the key physical/chemical properties of flame retardants,
please refer to Table 5-2.

Molecular Weight (MW)

The molecular weight is an intrinsic property of a chemical substance. For discrete, monomeric
chemical substances, the molecular weight is the sum of the atomic weights of all atoms making
up a molecule and can be obtained directly from the molecular formula. A molecular weight
greater than 1,000 atomic mass units (amu) is typically used as a cutoff for assessing the
properties described below.

Polymeric substances do not have a unique molecular weight because these materials contain a
distribution of components that depend on the monomers used, their molar ratios, the total
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number of monomeric units in the polymer chain, and the manufacturing conditions. The
average molecular weight (also called the n-average molecular weight) is used in the assessment
of polymers to account for this. The average molecular weight of polymers is determined
experimentally. Those polymers with a molecular weight <1,000 are assessed using an
appropriate representative structure that has a molecular weight that is less than or equal to the
average molecular weight. For polymers with an average molecular weight of >1,000 and
significant amounts of low molecular weight material (>25 percent below 1,000 and >10 percent
below 500), the low molecular components are assessed for their potential toxicity in order to
identify any possible hazards for the most bioavailable fraction. The properties for polymers
with an average molecular weight >1,000 and minimal amounts of low molecular weight
components (<25 percent below 1,000 and <10 percent below 500) are generally evaluated as a
single high molecular weight material for each of the properties described below. The presence
of substantial amounts of unreacted monomers requires that the assessment consider these
components for polymers of any molecular weight range.

Melting Point (MP) and Boiling Point (BP)

These two properties provide an indication of the physical state of the material. Chemicals with
a melting point >25 °C are assessed as a solid. Those with a melting point <25 °C and a boiling
point >25 °C are assessed as a liquid and those with a boiling point <25 °C are assessed as a gas.
The physical state is used throughout the assessment, such as in the determination of potential
routes of human and environmental exposure, as described in Section 5.2. The melting and
boiling points are also useful in determining the potential environmental fate, ecotoxicity, and
human health hazards of the chemical. For example, neutral organic compounds with high
melting points generally have low water solubility and low rates of dissolution. These properties
influence a material’s bioavailability and are therefore taken‘into account in both the assessment
process and the evaluation of experimental studies. Similarly, chemicals with a low melting
point also have a higher potential to be absorbed through the skin, gastrointestinal tract, and
lungs.

Vapor Pressure (VP)

The vapor pressure is useful in determining the potential for a chemical substance to volatilize to
the atmosphere from dry surfaces; from storage containers; or during mixing, transfer, or
loading/unloading operations (see Section 5.2). In the assessment process, chemicals with a
vapor pressure 0f <10 mm Hg have a low potential for inhalation exposure resulting from gases
or vapors. The vapor pressure is also useful for determining the potential environmental fate of
the substance. Those witha vapor pressure >10"* mm Hg generally exist in the gas phase in the
atmosphere; those with a vapor pressure between 10 and 10™ mm Hg exist as a gas/particulate
mixture; and those with a vapor pressure <10™® mm Hg exist as a particulate. The potential
atmospheric degradation processes described below generally occur when a chemical exists in
the gas phase. Gases in the atmosphere also have the potential to travel long distances from their
original point of release. Materials in the liquid (aerosol) or solid (particulate) phases in the
atmosphere generally undergo deposition to the Earth’s surface.
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Water Solubility (WS)

The water solubility of a chemical provides an indication of its distribution between
environmental compartments, potential for environmental exposure through release to aquatic
compartments, and potential for human exposure through ingestion of drinking water. It is also
used extensively to determine potential human health and ecotoxicity hazards. In general,
chemicals with a water solubility of <10 mg/L have low concern for the expression of adverse
effects, and potential aquatic and general population exposure due to their low bioavailability.
However, chemicals with a low bioavailability also tend to be more environmentally persistent.

Chemicals with a water solubility >10,000 mg/L can be described within the context of the
screening assessment as very soluble, those at 1,000-10,000 mg/L as soluble, 100—-1,000 mg/L as
moderately soluble, 0.1-100 mg/L as slightly soluble, and <0.1 mg/L as insoluble (noting that
these guidelines are not followed consistently within the scientific literature). Chemicals with
higher water solubility are more likely to be transported.into groundwater with runoft during
storm events, be absorbed through the gastrointestinal tract or lungs, partition to aquatic
compartments, and undergo atmospheric removal by rain washout, and they have a higher
potential for human exposure through the ingestion of contaminated drinking water. Chemicals
with lower water solubility are generally more persistent and have a higher potential to
bioconcentrate. Chemicals that are essentially insoluble in water are typically of low human
health, ecotoxicity, and bioaccumulation hazard because they tend not to be bioavailable
(although the lack of bioavailability also tends to increase their environmental persistence).

The water solubility of a substance is also used to evaluate the quality of experimental
ecotoxicity and oral exposure-human health studies as well as the reliability of ecotoxicity
estimates. If the water solubility of a substance is lower than the reported exposure dose in these
experiments, then the study is likely to be regarded as inadequate due to potentially confounding
factors arising from the presence of undissolved material. For ecotoxicity estimates obtained
using SAR, if the estimated toxicity is higher than a chemical’s water solubility (i.e., the
estimated concentration in water at which adverse effects appear cannot be reached because it is
above the material’s water solubility), then the chemical is described as having no effects at
saturation (NES). When NES occurs, the material is considered to have a low ecotoxicity
hazard.

While assessing the water solubility of a chemical substance, its potential to form a dispersion in
an aqueous solution.is also considered. Ideally, this information can be obtained from scientific
literature. In the absence of experimental data, dispersibility can be determined from chemical
structure and/or comparison to closely related analogs. There are two general structural
characteristics that lead to the formation of dispersions in water: (1) chemicals that have both a
hydrophilic (polar) head and a hydrophobic (non-polar) tail, and (2) relatively large molecules
that have a large number of repeating polar functional groups (e.g., poly ethylene oxide).

The potential for a chemical to form a dispersion influences potential exposure, environmental
fate, and toxicity. Dispersible chemicals have grater potential for human and environmental
exposure, leachability, and aquatic toxicity than what might be anticipated based on the
material’s water solubility alone. None of the FRs assessed in this project are expected to form
dispersions.
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Octanol/Water Partition Coefficient (K,,,)

The octanol/water partition coefficient, commonly expressed as its log value (i.e., log Koy) is one
of the most useful properties for performing a screening assessment. The log K, provides the
partitioning between octanol and water, where octanol is used to mimic fat and other
hydrophobic components of biological systems. Chemicals with a log K, <1 are highly soluble
in water (hydrophilic), while those with a log K, >4 are not very soluble in water
(hydrophobic). A log K4 >8 indicates that the chemical is not readily bioavailable and is
essentially insoluble in water.

The log K,w can be used as a surrogate for the water solubility in‘a screening assessment and is
frequently used to estimate the water solubility if an experimental value is not available. It can
also be used to estimate other properties important to the screening assessment, including
bioconcentration and soil adsorption, and is a required input for SAR models used to estimate
ecotoxicity values.

Flammability (Flash Point)

The flash point of a substance is defined as the minimum temperature at which it emits sufficient
vapor to form an ignitable mixture with air. Flash point can be used to identify hazards
associated with the handling of volatile chemicals. Substances with a flash point greater than
37.8°C (100°F) are commonly referred to as non-flammable, as this is the flammability cutoff
used in the shipping industry. It should be noted that, when using this definition, chemicals have
been described as non-flammable when, in fact, they may form explosive mixtures in air.

Explosivity

Limits of flammability may be used to quantify the potential for a chemical to form explosive
mixtures in air. The lower limit of flammability (LFL) is defined as the minimum concentration
of a combustible substance that is capable of propagating a flame through a homogenous mixture
in the presence of an ignition source. The upper limit of flammability (UFL) is similarly defined
as the highest concentration that can propagate a flame. LFLs and UFLs are commonly reported
as the volume percent or volume fraction of the flammable component in air at 25°C.
Knowledge that a material does not or is not expected to form explosive mixtures in air is also
useful in identifying potential hazards associated with the manufacture and use of a chemical
substance.

PH

This property refers to'the pH of the solution resulting from the addition of a chemical substance
to water. It is used primarily to identify potential hazards associated with dermal contact with a
chemical or its aqueous solutions. The corrosive nature of chemicals that form either strongly
basic (high pH) or strongly acid (low pH) solutions is likely to be harmful to skin and other
biological membranes. Some experimental studies, such as biodegradation tests, require
additional analysis for corrosive chemicals to determine if the tests were performed at
concentrations that were sufficiently high to harm the microbial population (and, therefore, may
be incorrectly identified as persistent in the environment). For chemicals that form moderately
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basic or acidic solutions in water, the pH of the resulting solution can be used in lieu of measured
dissociation constant to help determine if a chemical will ionize under environmental conditions.

Henry’s Law Constant (HLC)

The Henry’s Law constant is the ratio of a chemical’s concentration in the gas phase to that in
the liquid phase (at equilibrium). In environmental assessments, the Henry’s Law constant is
typically measured in water at 25°C. The Henry’s Law constant provides an indication of a
chemical’s volatility from water, which can be used to derive partitioning within environmental
compartments and the amount of material removed by stripping in a sewage treatment plant.
Henry’s Law constants of <10~ atm-m’/mole indicate slow volatilization from water to air (the
Henry’s Law constant for the volatilization of water from water is 10”7 atm-m’/mole) and values
>10~ atm-m’/mole indicate rapid volatilization from water to air. To aid in determining the
importance of volatilization, the screening assessment uses.two models based on the Henry’s
Law constant. These models determine the half-life for volatilization of a model river and a
model lake.

Sediment/Soil Adsorption/Desorption Coefficient (K,.)

The soil adsorption coefficient provides a measure of a chemical’s ability to sorb to the organic
portion of soil and sediment. This provides an indication of the potential for the chemical to
leach through soil and be introduced into groundwater, which may lead to human exposure
through the ingestion of drinking water drawn from underground sources. The soil adsorption
coefficient also describes the potential for a chemical to partition from environmental waters to
suspended solids and sediment. Strong adsorption may impact other fate processes, such as the
rate of biodegradation, by making the chemical less bioavailable.

The soil adsorption coefficient, K, 1s normalized with respect to the organic carbon content of
the soil. The cutoffs for the degree that a chemical 1s adsorbed to soil within the context of the
screening assessment can be described qualitatively as very strong (>30,000), strong (>3,000),
moderate (>300), low (>30), and negligible (<3). When determining the potential for a chemical
to adsorb to soil and suspended organic matter, the potential for a chemical to form irreversible
chemicals bonds with humic acids also needs to be considered.

Dissociation Constant in Water

The dissociation constant in water provides the amount of the dissociated and undissociated
forms of an acid, base, or organic salt in water. Knowledge of the dissociation constant is
required to assess the importance of the other physical/chemical properties used in the screening
assessment. As the percentage of ionization increases, the water solubility increases while the
vapor pressure, Henry’s Law constant, and octanol/water partition coefficient decrease. For
acids and bases, the dissociation constant is expressed as the pKa and pKg_ respectively.

Reactivity

The potential for a substance to undergo irreversible chemical reactions in the environment can
be used to assess persistence. The most important reaction considered in the screening
assessment is hydrolysis, or the reaction of a chemical substance with water. Because the rate of
hydrolysis reactions can change substantially as a function of pH, studies performed in the pH
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range typically found in the environment (pH 5-9) are considered. The second reaction
considered in the screening assessment is photolysis, the reaction of a chemical with sunlight.
Both hydrolysis and photolysis are operative in air, water, and soil, while only hydrolysis is
considered in sediment. For the atmospheric compartment, persistence also includes the
evaluation of oxidative gas-phase processes. These processes include the reaction with ozone,
hydroxyl radicals, and nitrate radicals.

Biodegradation

In the absence of rapid hydrolysis, biodegradation is typically the primary environmental
degradation process. Determining the importance of biodegradation is, therefore, an important
component of the screening assessment. Biodegradation processes are divided into two types.
The first is primary biodegradation, in which a chemical substance is converted to another
substance. The second is ultimate biodegradation, in which a chemical is completely
mineralized to small building-block components (e.g., CO, and water). Chemical substances that
undergo rapid primary degradation but only slow ultimate biodegradation are considered to have
stable metabolites in the screening assessment.

Biodegradation processes can also be classified as either aerobic or anaerobic. Aerobic
biodegradation is an oxidative process that occurs in the presence of oxygen. Anaerobic
biodegradation is a reductive process that occurs only in the absence of oxygen. Aerobic
biodegradation is typically assessed for soil and water, while anaerobic biodegradation is
assessed in sediment. For determining the persistence hazard, the importance of both aerobic
and anaerobic biodegradation as well as partitioning and transport in the environment are
considered.

One aspect of the screening assessment is to determine the potential for biodegradation of a
chemical substance within a sewage treatment plant. In this assessment, the term “ready
biodegradability” refers to a chemical’s potential to be removed in sewage treatment plants,
which is typically determined in guideline laboratory studies. Chemicals that are considered
readily biodegradable in these studies undergo 60 percent removal in 28 days.

Structure Activity Relationships Analysis

If measured data pertaining to persistence, bioaccumulation, aquatic toxicity, or human health
criteria are not available, they can be estimated with a SAR analysis. SAR uses the molecular
structure of a chemical to infer a physicochemical property, environmental fate attribute, and/or
specific effect on human health or an environmental species. These correlations may be
qualitative (simple SAR) or quantitative (quantitative SAR, or QSAR). Information on EPA’s
use of SAR analysis has been published in USEPA (1994).

SAR estimations for several physical and chemical properties were obtained using the models of
EPA’s P2 Framework. The P2 Framework is an approach to risk screening that incorporates
pollution prevention principles in the design and development of chemicals. These models are
screening-level methods and are intended to be used when data are unavailable or need
supplementation. They are not intended to replace data from well-designed studies. For
physical/chemical properties and environmental fate parameters, estimates were obtained from
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the Estimations Program Interface (EPI) for Windows (EPIWIN) suite methodology. These
methods were used to obtain melting point, boiling point, vapor pressure, octanol/water partition
coefficient, water solubility, Henry’s Law constant, atmospheric oxidation rate, biodegradation
potential, soil adsorption coefficient, bioconcentration factor, hydrolysis rate, volatilization rates,
and removal in a sewage treatment plant as applicable. For aquatic toxicity potential, EPA’s
Ecological Structure Activity Relationships (ECOSAR) estimation program was used. This
methodology uses chemical structure to estimate toxicity of an industrial chemical to fish,
invertebrates, and algae in the surface water to which the chemical has been discharged. The
program determines both acute (short-term) toxicity and, when available, chronic (long-term or
delayed) toxicity. The potential for a chemical to cause cancer in humans was estimated using
OncoLogic. This program uses a decision tree based on the known carcinogenicity of chemicals
with similar chemical structures, information on mechanisms of action, short-term predictive
tests, epidemiological studies, and expert judgment. All estimates obtained in this project were
reviewed by EPA scientists with appropriate expertise. The SAR methods with the EPI models
were run for flame retardants that are discrete organic chemicals (or a suitable representative
structure) with a molecular weight less than 1,000. Estimates for inorganic chemicals and metal
containing compounds were obtained using professional judgment, often employing an analog
approach.

The persistence of a chemical substance in a screening assessment is based on determining the
importance of removal processes that may occur once a chemical enters the environment. As
noted above, chemicals with a half-life of less than 60 days are expected to be of low hazard in
regards to persistence. The persistence screening assessment does not directly address the
pathways in which a flame retardant might enter the environment (e.g., volatilization or disposal
in a landfill) and focuses instead on the removal processes that are expected to occur once it is
released into air, water, soil, or sediment. Determining how a chemical enters the environment is
typically a component of a complete exposure assessment or life-cycle analysis and is discussed
in Section 3. Similarly, the persistence screening assessment does not address what might
happen to a chemical substance throughout its life cycle, such as disposal during incineration of
consumer or commercial products.

Environmental removal processes are generally divided into two categories: chemical and
biological. One of the most important chemical degradation processes is hydrolysis. The
importance of hydrolysis can be determined from experimental data (on both the compound of
interest and closely related analogs) and by using the half-life obtained from the models within
EPIWIN. Photolysis may also be an important environmental removal process and was
considered in this assessment when experimental data were available. Estimation methods for
photolysis are not available within EPA’s Sustainable Futures pilot project.

Biodegradation is also considered in determining the persistence of a chemical substance in the
environment. If experimental data on the biodegradation of a chemical substance are not
available, then the potential of the chemical to undergo this process can be assessed from the
results of the EPIWIN models. These models fall into three classes:

1. Probability of rapid biodegradation models based on linear and non-linear regressions
that estimate the probability that a chemical substance will degrade fast
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2. Expert survey models — semi-quantitative models that determine the rate of ultimate
and primary biodegradation

3. Probability of ready biodegradability.

The first set of models are useful for determining if a chemical substance has the potential to
biodegrade quickly in the environment, but do not provide a quantitative indication of its half-
life. If a chemical is likely to biodegrade quickly, its half-life is expected to be less than 60 days,
and it is therefore expected to have a low hazard for persistence. The results of the estimates
from the first set of models are used in concert with the semi-quantitative output from the second
set of models, which include an ultimate and primary survey model for evaluating persistence.
These models provide a numeric result, ranging from 1 to 5, as an indication of the amount of
time required for complete mineralization (ultimate degradation).and removal of the parent
substance (primary degradation) of the test compound.. The numeric result is converted to

a more meaningful time frame for removal for the user based on the scheme presented in the
following table. The results from the ultimate degradation model can also be used to estimate
the half-life for a chemical, which is also provided in Table 4-4.

Table 4-4: Information for Estimating Half-Life

Model Results for Approximate Half-Life
Primary and Ultimate Time for Removal (Days, Based on Ultimate)

>4.75 Hours 0.17
4.75 to >4.25 Hours to Days 1.25
4.25 to >3.75 Days 2.33
3.75 to >3.25 Days to Weeks 8.67
3.25 to >2.75 Weeks 15

2.75t0>2.25 Weeks to Months 37.5
2.25to >1.75 Months 60

<1.75 Recalcitrant 180

The third set of models (also known as MITI models), and the ready biodegradability test that
they correspond to, are more applicable to determining a chemical’s potential for removal in a
sewage treatment plant than its persistence in the environment.

When determining environmental persistence, screening assessments also consider the potential
persistence of breakdown products resulting from biodegradation and chemical removal
processes. This assessment is performed because of the potential for human and environmental
exposure to persistent breakdown products. Breakdown products resulting from hydrolysis can
be determined experimentally or by using professional judgment based on analogs with similar
functional groups. Breakdown products may also be reported in experimental biodegradation
tests or can be determined using professional judgment. When the rate for ultimate degradation
is much slower than that for primary degradation, there is potential for persistent breakdown
products.
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Use of Endocrine Disruption Data

Endocrine disruption studies were available for some but not all of the flame-retardant chemicals
being assessed. Available studies are listed in the detailed chemical assessments in Section 4.2,
as appropriate. However, endocrine disruption studies were not evaluated as part of the chemical
assessments.

The document Special Report on Environmental Endocrine Disruption: An Effects Assessment
and Analysis (http://cfpub.epa.gov/ncea/raf/recordisplay.cfm?deid=12462) describes EPA’s
activities regarding endocrine disruption. This report was prepared under the auspices of EPA's
Risk Assessment Forum, which brings together scientists from around the Agency to promote
scientific consensus on risk assessment issues. The report provides an overview of the current
state of the science for endocrine disruption, and can serve as a resource to EPA and others
seeking to understand the issue. This report was requested by EPA’s Science Policy Council to
serve as an interim assessment to inform Agency risk assessors of major findings and
uncertainties and to serve as a basis for a Science Policy Council position statement. Within the
special report, the Science Policy Council’s Interim Position states that “Based on the current
state of the science, the Agency does not consider endocrine disruption to be an adverse endpoint
per se, but as a step that could lead to toxic outcomes, such as cancer or adverse reproductive
effects, routinely considered in reaching regulatory decisions” and that “Evidence of endocrine
disruption alone can influence priority setting for further testing and the assessment of results of
this testing could lead to regulatory action if adverse effects are shown to occur.”

The 1996 Food Quality Protection Act, which amended the Federal Food, Drug, and Cosmetic
Act, directed EPA to develop a sereening program, using appropriate validated test systems and
other scientifically relevant information, to determine whether certain substances may have
hormonal effects in humans. In response, EPA established the Endocrine Disruptor Screening
Program (EDSP; http://www.epa.gov/scipoly/oscpendo/index.htm). The EDSP is developing
requirements for the screening and testing of thousands of chemicals for their potential to disrupt
the endocrine system. When complete, EPA will use these screening and testing approaches to
set priorities and conduct further testing when warranted.

The science related to measuring and demonstrating endocrine disruption is relatively new, and
validated testing methods are still being developed. The EDSP is using a two-tiered approach
that includes initial screening followed by more in-depth testing when warranted
(http://www.epa.gov/oscpmont/oscpendo/pubs/assayvalidation/index.htm). The Tier 1 screening
battery is intended to identify chemicals with the potential to interact with the estrogen,
androgen, or thyroid hormone systems through any of several recognized modes of action.
Positive findings for Tier 1 tests screen for potential for an interaction with endocrine systems,
but do not fully characterize the nature of possible effects in whole animals. Tier 2 testing is
intended to confirm, characterize, and quantify the effects for chemicals that interact with
estrogen, androgen, and thyroid hormone systems. These test methods must undergo a 4-stage
validation process (protocol development, optimization/prevalidation, validation, and peer-
review) prior to regulatory acceptance and implementation. Each of the Tier 1 and Tier 2 test
methods is in a different stage of development and validation. Information on the status of assay
development and validation efforts for each assay in EPA’s Endocrine Disruptor Screening
Program can be found at:
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http://www.epa.gov/oscpmont/oscpendo/pubs/assayvalidation/status.htm. Once validated test
methods have been established for screening and testing of potential endocrine disruptors,
guidance must be developed for interpretation of these test results using an overall weight-of-
evidence characterization.

4.1.3 References

U.S. EPA. 1992. Classification Criteria for Environmental Toxicity and Fate of Industrial
Chemicals. Office of Prevention, Pesticides and Toxics, Chemical Control Division.
Washington, DC.

U.S. EPA. 1994. US EPA/EC Joint Project on the Evaluation of (Quantitative) Structure Activity
Relationships. Office of Prevention, Pesticides and Toxic Substances. EPA 743R-94-001.
Washington, DC. http://www.epa.gov/oppt/newchems/2 1 ecosar.htm

U.S. EPA. 1999. “Category for Persistent, Bioaccumulative, and Toxic New Chemical
Substances.” Federal Register. 64(213): 60194-60204. November 4.
http://www.epa.gov/fedrgstt/EPA-TOX/1999/Novembet/Day-04/t28888.htm
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DRAFT REPORT

References for Fyrol PMP

Boethling, R. S.; Mackay, D. Handbook of property estimation methods for chemicals:
Environmental and health sciences; Lewis Publishers: Boca Raton, FL, 2000.
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DRAFT REPORT
References for Reaction product of Fyrol PMP with bisphenol A, polymer
with epichlorohydrins

Boethling, R. S.; Mackay, D. Handbook of property estimation methods for chemicals:
Environmental and health sciences; Lewis Publishers: Boca Raton, FL, 2000.

EPA (2002). TSCA New Chemicals Program (NCP) Chemical Categories. Washington, DC,
http://www.epa.gov/oppt/newchems/pubs/cat02.pdf. Accessed on October 9, 2008.
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DRAFT REPORT

References for Aluminum Hydroxide
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Aluminum. [Online] U.S. Department of Health and Human Services: September 2006.
http://www.atsdr.cdc.gov/toxprofiles/tp22.pdf.

Colomina, M. T.; Gomez, M.; Domingo, J. L.; Corbella, J. Lack of maternal and developmental
toxicity in mice given high doses of aluminium hydroxide and ascorbic acid during
gestation. Pharmacol Toxicol. 1994, 74, 4-5, 236-239 (Abstract Only).

Domingo, J. L.; Gomez, M.; Bosque, M. A.; Corbella, J. Lack of Teratogenicity of Aluminum
Hydroxide in Mice. Life Sciences. 1989, 45 (3), 243-247.

European Commission — European Chemicals Bureau. /UCLID Dataset. 2000.

Gomez, M.; Domingo, J. L.; Bosque, A.; Paternain, J. L.; Corbella, J. Teratology study of
aluminum hydroxide in mice. The Toxicologist 1989, 9 (1), 273 (Abstract Only).

Gomez, M.; Bosque, M. A.; Domingo, J.; Llobet, J. M.; Corbella, J. Evaluation of the maternal
and developmental toxicity of aluminum from high doses of aluminum hydroxide in rats.
Veterinary and Human Toxicology 1990, 32 (6), 545-548 (Abstract Only).

Hicks, J. S.; Hackett, D. S.; Sprague, G. L. Toxicity and Aluminium Concentration in Bone
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in Rats. Food Chem. Toxic. 1987, 25 (7), 533-538.

National Library of Medicine. Hazardous Substances Data Bank.
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(accessed December, 2006).

Lewis, R. L., Sr. Sax’s Dangerous Properties of Industrial Materials, 10™ ed.; John Wiley &
Sons, Inc.: New York, 2000.

Lide, D. R, ed. CRC Handbook of Chemistry and Physics, 86™ edition, 2005/06; CRC Press
Taylor & Francis: Boca Raton, FL.

Llobet, J. M.; Gomez, M:; Domingo, J. L.; Corbella, J. Teratology studies of oral aluminum
hydroxide, aluminum citrate, and aluminum hydroxide together with citric acid in rats.
Teratology 1990, 42 (2), 27A (Abstract Only).

Merck Index, 131 ed.; O’Neil, Ed.; Merck & Co., Inc.: Whitehouse Station, NJ, 2001.

TSCATS. DuPont Central Research and DE 8(e)/FYI Submission ID Number 8EHQ-0496-
13616A; 1996.

4-100



10I-v

"9[qe[IBAR JOU 3IOM SUOTIPUOD
159) pue S[re1op Apnis ‘ojenbopeury S00T ‘z301( pue a19sAog 2 (paanseay) o€ sosodwooaq
(Tenuapyuo)
gienbopy|  Apmis [enuoplyuod papruqnsg ‘pamsedjn) 00 sesodwossq
(Jenuopyuoy)

ogrenbopy|  Apmis [eRUSPIFUOD poPIWIqNS ‘paInseaN) S1¢ sasodwooaq (Do) yu10g SUDPIA

SHILLIYAdOYUd TVIIWNHHI/TVIOISAHd
ALI'TVAO VLVd HONHTIHAHTA Vivd INIOdANH/ALHHAdOUYd
0€6 4O 10Xy

REIIN

M Joejuod uodn s[pgpuel ur pajsodop sg)d WOl 9JeI3I Os[e Ae I1 JeY) $)s933NnS AN[IQN[OS 19JeM S} “POZI[IGOW dW0IAq ABW )1 dIdYM suone1ddo 19yjo 10
Furppaays era 9[040 9J11 9y} Jo aseyd [esodsip a3 Sunmp asue Aewr sg)J Jo [esodsip oy Sunmp sajenonied g¢6dO N[OXH JO SOSBI [BIUI0J "I9JBM [IIM JOBIUOD
uodn sassao01d 0AnoeIXd UB Aq 1dooxd ‘pajedioniue 10U ST SgJ JO 9[04 1] [NFosn o} SuLmp (€6d0 N[OXH JO Sosea[al [erjudjod ‘ojeurue] 9y} J0/pue uIsdI 9y} Ojul
uonerodioour 10y ‘sgDd Pue S9jeUIUER] WOIJ PISEI[OL 9q OS[e ABWI JI ‘JUBPIRIQOI QWR[J SAIIIPPE Uk Sy ‘suonerddo Surxiu 1o ‘1ofsuer) ‘Surpeoun/surpeo| uLmp

1o dImdejnuew $)1 woly suonerdado Suruioy-jsnp y3noay) mado LAew ()£6dO H[OXH 01 2Insodxd [RIUSWILOIIAUD PUB UBWINY [BIIUIOJ :SUONBIIPISUO)) I[ILD-IJI']

(ereurydsoydiAyparp)sLy wnrurwn(y ‘oyeurydsoydjAy3arq wniuruny ‘0c6 4O NOXH :SWAUOUAS

Jes wnurwnye ‘-[AyIaIp ‘proe orurydsoyd :oureN

00(02)(0=)d0(D2(0D)(0=)dO)1V]IO(DD)N0=)dDD SATIAS

O. _O
_/ 0 00N

OAT}IPPE ‘JuBpIL)OI dWe[] :9S()

PIOS :SULIO] [eISAY] -

IV " %0d''H"D € AN \|M|/

s[ow/3 L7206 M

8-8¢-68LSTC 'ON SVD 0€6 4O HIOXd :dI P1033Y

0€6 O MIOXH 8TV

Ld0ddYd LAVdd




0l-¥

S00T ‘1ZIB\ pue preag
$£00T e 30 udspLneT-1oms

(porewnsy) y1°0-

"SUOI)IPUOD [BPI Jopun AN[Iqnjos

JO J1wII] 9nJj 9y 9q 0) pawInsse aq ued
yoIgMm punoy st /3 ¢ Jo Apiqnios
wnqrmbs Sururewar oy} ‘es
orqnjos e jo uoneydroald £q powioy
SL0€6 dO MIOXH JI "9V DdH/69/C6
durpaping £q J/3w [ > jo Aypiqnjos
PO[01U0D A[[BO1}oULY B SOAIS SIY],
"UONNJOSSIP MO[S AIOA pue AJI[Iqe)om
Mo st 0€6 dO OXH “drenbopy

Apnjs [eruapIyu0d
panwqns 5007 ‘SYNDIN

(pormseaN) 100°0>

"SUOI)IPUOD [BPI Jopun A[Iqnjos

JO J1wI| 9N} Ay} 9q 0} pawnsse

9q UBd YOIYM ‘punoy st /3 ¢'g

Jo Aypiqnios wnuqrmbs Sururewox
oy “yres 9rqnjos & jo uonejrdroard

Aq powiog st g6 dO MOXH

JI 9V DAH/69/T6 dulopmn3 Aq /3w
I > JO K1[1qnjos pa[[oNu0d A[[BonaULy
© SOAIS SIYJ, "UOTNJOSSIP MO[S

AIdA pue ANIqenam mof seqy 0c6 dO
N[OXY "d[qe[IBAR JOU dIOM SUOIIIPUOD
159) pue s[rejop Apnys ‘ojenbapeuy

Apnis [eUSIPIFUOD PIPIWANS

([enuapLUO) ‘PAIMSLIN) §°T

('1/3) Knpiqnyos 1d)eA\

wow3pnl [euorssajord (parewnnsg) 100000 0> (SH wrun) 3anssaag 1ode A
(porewnsy)
8urroq 01030q 9sodwooop 03 pojoadxo
juow3pn/l [euorssajoid SI Q0UB}ISqNSs A1) ‘J[Bs 91UL3IO UB Sy (Do) yur0d urrog
"9]qE[IBAE JOU AIOM SUOTIPUOD Apmys [er3uapuOd
159) pue s[rejop Apnys ‘ajenbopeuy panuqng 600 ‘SYNDIN (pamseay) 001<
"9[qe[IBAE JOU 9IOM SUOTIPUOD
159} pue S[re1dp Apnis ‘ojenbopeury L00ZT ‘yueLer) (panseaN) 00s< sesodwoosaq
ALI'TVNO VLVA HONTHHAHTA vViva INIOdANH/ALHHAdOUd
0€6 4O M10XH

Ld0ddYd LAVdd




€01+

‘SUOT}IPUOD
[BIUSWIUOIIAUD IOPUN 9JBIOOSSIP
1ey]) sy[es [eouwr 0} A3o[eue Uo paseq

wow3pnl jeuorssajord

(310w wi-une) HTH -
JuRISUOD) MBT S AIUIH

"SUOI)IPUOD [BJUSWUOIIAUD
[eo1dA} 19pUn UONBIOOSSIP

S)1 ssasse 0) jenbope jou are

BJBp J[qR[IBAY dJBJ [BJUSWUOIIAUD
S} U0 90UdN[JUI JUBOIJIUSIS B dABY
I1im Hd Jo uonouny € se UONEBIOOSSIP
10J [enuajod S)1 “JOAOMOH “SUONIPUOD
[EIUSWUOIIAUD JIPUN 9)BIOOSSIP

03 A1oY[1[ St punodwod siy) 18y}
15933ns BiEp 9qR[IRAR ‘Q)enbopeu]

Apnys _EE%W

panIuqns :500¢ _ﬂm<2%ﬁ@

|

(painseaIn) 1593 [ LN SuLmnp

JIJBAA UI JUBISUOD) UONBIIOSSI(]

"9[qe[IBAR JOU IdM SUOIIIPUOD

di

Sy Hd 18 SInoy 7 urgim sjeroossiq

Ld0ddYd LAVdd

|

159) pue S[re1op Apnis ‘oyenbopeur|« S00T 1ZIRIA pue pIeag 7 7 y (pamseaN) 0t Hd
©I1Bp ON i Ayarsordxy

/4(_ (renuapyuo)

ojenbopy|  Apnis [BIUIPIIUOD PIPIWGNS |‘PAINSBIIN) D0y MO[Oq UOHUSI-J[3S ON

(Tennuapyuo)) ‘paInsedyN)

‘01 'V 1891 “DFH/69/96 duIoping
ojenbopy|  Apnys [enjUSPLIUODd papIwqng 01 uIp1099®. J[qIISNQUO A[IPLAI JON (qurog ysepq) Anpiqewrwe)y




1%

sa100ds oruor 10130 Ay} y3noyie

UOI IOJUNO0J OTULSIO A} JO ULIOJ * JIATY [9POIA 10J
[ennau oy} J0J POUIL}qO SeM 9JeWINSH Idd IJI[-JIeH UONBZI[I)B[OA
"O[qE[IBAR JOU IdM SUOTIIPUOD uonepeirdaporg

159} pue S[rejop Apmis ‘oyenbopeuy L00T “Te 10 uospLne-1oms (paanseapn) opeido JIqoIdeUy

"9[qB[IBAR JOU dIOM SUOIIRIIUIIUOD
159) pue s[relop Apmis ‘oyenbopeuy

L00T “Te 10 uaspune1-1ons

juow3pnl [euoIssajord

I

;

i

Hmmv.mxoo

svﬁwoco_m RGN ENY

Blep ON ystq ur wisijoqeld A
eJep ON » 409 swromyj.rey
®1ep ON ] ; b ADd s191s£0
eep ON 1l i A0d de3v usa1n
N
e1ep ON | W 7 7 N AD4 spruydeq
“JUSWIUOIIAUS U} UI S}[es yons Jo "y | L 7 ;
aInjeu snojmbiqn oY) pue SUOHIPUOD f | A ; 7 7 i
[EIUSWUOIIAUD JIPUN JBIJOSSIP|’ _
1BY) SJ[ES [e1oW 0} A30[eUE U0 paseqg juowSpn/ [euoISsaJoI ] _v_ | (porewmsq) 000 1> D9 s

3 — JUIRY0)
uondaosa(q /uondiospy

[I0S/3UdWIPIS

REITIVY

Ld0ddYd LAVdd



SOI-¥

‘droydsoune o) ut djenonted

PI[OS ® SB ISIX? 0} pajedionue

S1 punodwod SIY} 1Y) USALD) S[BdIp.l
[AXO0IPAY 3Im UOI IIUNOD J1UBIIO
oy} JO WLIOJ [e1INAU J} JO UOT}OBAI

aseyd-se3 oy 10J paure}qo djewIISy 1d4d (parewmnsy) sAep 9| dJI-JeH d1dydsounyy ay
uonepeirgaporg
Blep ON J9)BM/JUIWIPIS
uonesynuapy npoid
vIEp ON /M uonepeigaporq [10S
(paInseaN) /8W €8y = JAON
Apnjs [eruapIyuod “1/8W 8961 = )T SWSIUBSI00IOTW
drenbopy panIwqns 5007 ‘SYNDIN|23pn[s paieAnoe jo uoniqryur uoneiidsoy|uonepe.adapory dqoy 10§

"9[qe[IBAR JOU dI9M SUON)RIIUIOUOD
159} pue s[re1dop Apnis ‘ojenbopeu;y

£00T “'Te 19 uasprmne -1omg

(pansealn) 9[qepeI3aporq AJIpeal JON

drenbopy

Apnjs Tenuapyuod
papIuqns :$00T ‘SYNDIN

(painsealn) 9[qepeI3aporq AJIpeal JON

Aqepessaporg Apeay

‘(quowdpn[

[BUOISSOJ0I]) SI9JBA [BIUSWUOIIAUD
wol1j 9ZI[13e[0A 03 pajedionue

10U OS[e 218 UONBZIUOI Woly JuIsLe
sa10ads o1uor 1oy30 o3 ySnoyiye

Uol I9}unod 21ueTI0 Y} JO W0
[ennau Y} J0J PauILIqo SeM OJBWIISH

Idd

(porewnsy) 194K 1<

e [PPOIA 10]
-JIEH UOHEZIIE[OA

‘(uow3pnl[]

[BUOISS9J01]) SI9JeM [BIUSWUUOIIAUD
woij 9ZI[13e[0A 0} pajedionue

J0U OS[e 218 UONEBZIUOI Woly JuIsLe

ALI'TVNO VLVA

HONTHHAHTA

vViva

INIOdANH/ALHHAdOUd

0€6 4O HIoXH

Ld0ddYd LAVdd




901-¥

orenbopy

Apnjs [enUOpIFUOd papIwuqng

(Tenuapyuo) d&:www_\é
71/3W 7'6< %01 IN0Y-96 sy BIGIZ

drenbopy

Apnjs [eruopIyuod
papIuqns :$00T ‘SYNDIN

‘pro
"9[R[IBAR JOU I9M SUOIIIPUOD [dsoydiAy n_w_m
1S9] pue S[re1op Apmis ‘ojenbopeury S00T ‘1ZIBI\ pue pIeog on .oji leln SISA[0A g
(porewns yo1d oye)
. JURDIJIUSIS ® 9q 0} Pa3dadxa jou st uor
‘(JuowSpn[ [BUOISSIJOI]) SUOLIAIUNOD IoJunood d1uesio ay) Jo SIsA[oIpAH Hd
J1ueg10 UIureIUOd SI[ES [BIOW e _ ; W Jo uonounj e se sjonpoid uore[AxoIpAy
Je[rwuis 0} A3o[eue UO paseq sAeWNSH| 0007 ‘AeoR]N pue I_Hﬁoom JO Kjo11eA © ULIOJ S)[ES [RIDN
"3[QR[IBAR 10U 210M SUOIIPUOD N 7
159) pue S[re1op Apnis ‘ojenbopeury y 7 7 7 | (paanseayn) SISA[OIPAY 01 J[qeIS SISA[0IPAH
“(uowSpn[ [euoISs9J01y) SSusoABM T i * 7 N ; A
JuUBOLIUSIS A[[B)USWUOIIAUD| \ ; 7 7 7 L ‘
18 JYSI[ qIosqe 0) pajoadxa _ _
9q prnom jey; sdnoid [euonouny w_
UIejuood JOU SQ0P dueISqns AYL| (00T ‘AeOBN pue wagioamﬁummv $s9201d 938] JUBOIUSIS © JON sisA[ojoyd

SSE[D AVSODH

Kandedy

‘(uow3pnl[]

[eUOISS?J01) $9559201d [RAOWIAL
jueprodwir oq 03 pajoadxd jou o1e
suonoear aseyd-se3 Aq uonepei3op

Ld0ddYd LAVdd




LOT-¥

ojenbapy|  Apmis [EIJUSPLUOD papIwuiqns (Tenuapryuo)) ‘pamsesyA) /5w §'[
(Tenuopyuo)) ‘pajewnsy) T/8W 4 AUD dE3[Y U210
(pamseoy)
uononpoidal pue AJjiqowiur 10y /3w
01'= DAON Aep-1¢g pusvu viuydoq
(paanseapy)
uononpoxdar pue Ajrjiqowur 10J J/3ur
7€ = Dd01 Kep- g pusvw viuydpg
(paanseayy) uononpoidas soy /5w
791 = 9°0q Aep-1g pudvws vruydpq
Apmis [eRUSPIJUOD (pamseopN) Arpqouwwir 10j /3w
ajenbopy panIwqns ‘$00T ‘SYNIIN €'Te = 04 Aep- ¢ vusvu viuydpq AUD pruydeq
(fenuapyguo) ‘pajewnsy) /3w gy AUD s
/3w O] pue /Su ') UIMIIQ ST AYD e[ U3 PIjewnsd YL, A LVIAAOIN £pixo |, druoay)
(Tenuapyuo)
dgrenbopy|  Apmis [eRUSPIIUOD POPIWIqNS ‘paanseaN) 1/3w()S = 0SHH INOY-7L
(paimseapy) /3w 9/ JO
0SH™ INOY-7/ Snppo1dsqns snusapauadg
Apnjs [erjuopIyuod (painsespy) /3w ()9 JO
drenbopy poIWqNS <6007 ‘SYNDIN| D% Inoy-g/ sngpordsqns snuisapauadg 05y B3V UR.ID)
(Tennuopyuo)) ‘paInsedN)
genbopy|  Apmis [enjUSPUOD papmuqns| /8w ¢g< 05T Inoy-8y eudew eruydeq
Apmns [enUIPUOd (paanseapy) /3w
denbapy paniuqng 00T ‘SYNIIN L'€€< D7 moy-gy euew eruyde %57 pruydeq
ALI'TVAO VLVd HONTIHAHTA Vivd INIOdANH/ALIAJOUd

0€6 4O HIoXH

Ld0ddYd LAVdd




801-v

B)ep ON

[IEENRIN
1X0 [, [e3udmdofosdq
, uondnpoadoy

Apnjs [erudpIFu0D
ajenbopy paniwuqns *$00T ‘SYNIIN
Apnjs [eruapIyuod
ojenbapy paniuqng :¢00T ‘SVNIIN nwEEEHfE@Z uonejLLI] [ew_Q
mﬂq_ow__.?oo
genbopy|  Apmis [ENJUSPHUOD paPIWIqNS _E_ JON
Apnys [eUSPLJU0d
oenbopy|  paniuqng 16007 ‘SYNDIN|  (pamnseaja) syqqer ‘Suneisnt Apysis UONEILLI ALY | S)IOOJJH NIV IO
vIEp ON (] N uonereyuy
Apnys uod (poanseay)
ajenbopy panruqns ‘00z ‘S #Z 3y/8w 000T< AT TewIop ey [euripq
J
. Apnys [epu %@q& 7
ajenbopy paniuqns 00T “SYNDIN nseayA) S3/3w 000Z< T [elo ey [e10 Apeyyary Anoy

‘s3oreue pue sontadoid
[eorwayo,/[edrsAyd uo paseq sojewnsq

juowdpn/ ?ﬁommmomoi

(porewmsy)

1081} D) y3noayy poo3 uondiosqy s3un|
y3noiy) poo3 uondiosqy "unys ysnoiyy

9[qI313au prjos jeou se uondiosqy

Ld0ddYd LAVdd

uondiosqy




601-v

Lrudgournnae))

/K2IXO

ejep ON uoay) pauIquio)
..... , (asnojq pue

©jep ON 1SourIe)

eJep ON

BIep ON

judwdopaAd( [eivudId

BJep ON

U

Lrxo I, [pyudwdoppadq
Juondnpoaday

Ym asoq

pajeaday paulquio))

Blep ON

e)ep ON

[IERR 61N
Lixo [, reyudwdopadq
Juondnpoadayy

1A ANBIA
pue uondnpoxday

ejep ON

Ld0ddYd LAVdd

[IERR 61N

£1x0 I, reyudwdoaad(q
Juondnpoadayy

YPIm asoq

pareaday] paurquio)




O1l-¥

(uo1s.19AuU0))

e1ep ON AUID IO YO

Jreday]

©jep oN pue d3eweq VNA

ejep ON

Apm3s [enuapIjuod _‘=‘_ suone.LRqy

ojnbopy|  papruqng ‘o0z ‘SYNDIN| Ul suoneiiaqe | [euwrosowoay )

©IRp ON _ o OAIA UI UOIJBIN]A] UIK)
Apnjs [erjuapIyuod

ajenbapy panruqng :600T ‘SVNIIN 0.)IA UI UONEINJA QUID)

AJIDIX03)0ININ

159) pue S[re1op Apmis ‘ojenbopeuy

e [ wpwstowmea

00T ‘1ZIB] pue pieag

SBIIN) 8Y/3W 0001 = TAVON 18d

Ld0ddYd LAVdd

BJep ON eyudwdopasq

) (mpy) L1opeg

BIEp ON SUIUIIIIS AIIIIX0)0ININ

(u3H) sddue)sqng

snaoydsoydouesiQ jo

"9[qR[IBAE JOU QI0M SUOIIIPUOD AIA1X030aNJN pasepq

Aep-87 pue ANy




[y

S DI (painseapy)
ajenbopy \ sye1 ‘Kep/3y/Sw 0001 = THVON £ep-8C

Ld0ddYd LAVdd



DRAFT REPORT
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5 Potential Exposure to Flame Retardants and Other Life-
Cycle Considerations

Many factors must be considered to evaluate the risk to human health and the environment posed
by any flame-retardant chemical. Risk is a function of two parameters, hazard and exposure.
The hazard associated with a particular substance or chemical is its potential to impair human
health, safety, or ecological health. While some degree of hazard can be assigned to most
substances, the toxicity and harmful effects of other substances are not fully understood. The
exposure potential of a given substance is a function of the exposure route (inhalation, ingestion,
and dermal), the concentration of the substance in the contact media, and the frequency and
duration of the exposure.

The purpose of this chapter is to identify the highest priority routes of exposure to flame-
retardant chemicals used in PCBs. In Sections 5.1 through 5.4, this chapter provides general
background regarding potential exposure pathways that can occur during different life-cycle
stages, discusses factors that affect exposure potential in an industrial setting, provides process
descriptions for the industrial operations involved in the PCB manufacturing supply chain
(identifying the potential primary release points and exposure pathways) and discusses potential
consumer and environmental exposures. Following this general discussion, Section 5.5
highlights life-cycle considerations for the seven flame retardants evaluated by this partnership.
The chapter is intended to help the reader identify and characterize the exposure potential of
flame-retardant chemicals based on factors including physical and chemical properties and
reactive versus additive incorporation into the epoxy resin. The information presented in this
chapter should be considered with the chemical-specific hazard analysis presented in Chapter 4.

Exposure can occur at many points in the life cycle of a flame-retardant chemical. There is a
potential for occupational exposures during industrial operations; exposure to consumers while
the flame-retarded product is being used; and exposure to the general population and
environment when releases occur from product disposal or end-of-life recycling. Figure 5-1
presents a simplified life cycle for a flame-retardant chemical used in a PCB, and Table 5-1
summarizes the potential exposure routes that can occur during each of these life-cycle stages.
The remaining sections of Chapter 5 discuss the information summarized in Figure 5-1 and Table
5-1 in more detail.
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Figure 5-1: Life Cycle of Flame-Retardant Chemicals in PCBs
(example w th TBBPA as reactive FR)
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Table 5-1: Potential Exposure to Flame-Retardant Chemicals throughout Their Life Cycle in PCBs

Reactive FRs

Manufacture: Chemical
manufacture, resin

Manufacture emissions will vary based on manufacturing practices and physical/ chemical
properties; direct exposure is possible because the neat chemical is handled.

formulation
Prepreg and laminate Cutting of material can release minor amounts of dust that contains epoxy resin. Reactive
production FRs are part of the polymer (chemically bound), and only trace amounts of unreacted FR are

anticipated to remain in the polymer matrix. Trace quantities are currently unknown* and/or
will vary based on manufacturing methods and processes.

PCB manufacturing
and assembly

Remaining, unreacted flame retardant may offgas; PCB manufacturing processes, such as
drilling, edging, and routing, cut into the base material. In electronic assembly, some
soldering processes could induce thermal stress on resins, which could yield degradation
products. Testing is needed to determine the potential for formation of these products.

Use

Only residual unreacted flame retardant is available to offgas during use. In order for
exposure to occur, offgassing from residual unreacted flame retardant would have to escape
product casing. Testing is needed to determine exposure potential.

End of Life

Disassembly / Recycling: Disassembling electronics and shredding PCBs can release dust
that contains epoxy resin. Reactive FRs are chemically bound to the polymer; however,
levels of exposure and any subsequent effects of exposure to the reacted flame retardant
products during the disposal phase of the life cycle, in which FRs may become mobilized
through direct intervention processes, such as shredding, are unknown.

Land[fill: Testing needs to be conducted to determine exposure potential from leaching from
PCB:s.

Incineration: Combustion byproducts need to be considered (see combustion experiments).
Smelting: Combustion byproducts need to be considered (see combustion experiments).
Open Burning: Combustion byproducts need to be considered (see combustion experiments).

Additive FRs

Manufacture: Chemical
manufacture, resin

Manufacture emissions will vary based on manufacturing practices and physical/ chemical
properties; direct exposure is possible because the neat chemical is handled.

formulation
Prepreg and laminate Cutting of material can release minor amounts of dust that contains epoxy resin. Additive
production FRs are not chemically bound to the polymer, and their potential to offgas or leach out of the

product is not known. Physical/chemical properties, such as vapor pressure and water
solubility, may contribute to the potential for exposure to these chemicals.

PCB manufacturing
and assembly

Additive flame retardant may offgas; PCB processes, such as drilling, edging, and routing,
cut into the base material. In electronic assembly, reflow or wave soldering processes could
induce thermal stress on resins, which could yield offgas products. Physical/chemical
properties, such as vapor pressure and water solubility, may contribute to the potential for
exposure to these chemicals.

Use Although flame retardants are embedded in the polymer matrix, testing needs to be
conducted to better understand the offgassing potential of additive flame retardants. Dermal
exposure is not anticipated since the FRs are embedded in the polymer matrix.

End of Life Disassembly/Recycling: Disassembling electronics and shredding PCBs can release dust that

contains epoxy resin. Additive FRs are not chemically bound to the polymer and can be
released through the dust. Physical/chemical properties, such as vapor pressure, may
contribute to the potential for exposure to these chemicals.

Land[fill: Testing needs to be conducted to determine exposure potential from leaching from
PCBs.

Incineration: Combustion byproducts need to be considered (see combustion experiments).
Smelting: Combustion byproducts need to be considered (see combustion experiments).
Open Burning: Combustion byproducts need to be considered (see combustion experiments).

*For TBBPA, Sellstrom and Jansen (1995) found about 0.7 micrograms of residual (or “free””) TBBPA per

gram of PCB.
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5.1 Potential Exposure Pathways and Routes (General)

The risk associated with a given chemical or substance is largely dependent on how the exposure
potentially occurs. For example, the toxicological effects associated with inhaling the chemical
are different from those associated with ingesting the chemical through food or water. As a
result, exposure is typically characterized by different pathways and routes.

An exposure pathway is the physical course a chemical takes from the source of release to the
organism that is exposed. The exposure route is how the chemical gets inside the organism. The
three primary routes of exposure are inhalation, dermal absorption, and ingestion. Depending on
the hazard of the chemical, exposure from only one or perhaps all three routes may result in risk.

Expected environmental releases and potential exposure routes of chemicals are dependent upon
their physical and chemical properties. For example, a highly volatile liquid can readily
evaporate from mix tanks, potentially resulting in fugitive air releases and potential exposures to
workers who breathe the vapors, while chemicals manufactured as solids may expose workers to
fugitive dust that may be generated, but are unlikely to generate vapors. Each potential exposure
route, along with appropriate endpoints, should be evaluated independently. Endpoints are the
specific toxicological effect, such as cancer, reproductive harm, or organ/tissue damage. There
are circumstances when a chemical has serious effects for a given endpoint, but due to physical
and chemical properties as well as environmental fate, there is minimal potential for the chemical
to be transported from the release point to the endpoint. This may essentially eliminate the
potential pathway and route of exposure and, therefore, eliminate the associated risk.

Table 5-2 highlights key physical, chemical, and fate properties that affect the likelihood for
exposure to occur: the physical state of the chemical, vapor pressure, water solubility,
dispersibility, log Kow, BCF, and persistence. The relevance of each physical, chemical, and fate
property, as well as its impact on exposure potential, is summarized in Table 5-2. Detailed
descriptions of these properties and how they can be used to assess potential environmental
release, exposure, and partitioning, as well as insight into a chemical’s likelihood to cause
adverse toxicological effects, can be found in Section 4.1.2, Physical/Chemical Property
Endpoints. More detailed information on physical, chemical, and fate properties of each flame-
retardant chemical can be found in the full chemical summary assessments in Section 4.2.
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5.2 Potential Occupational Releases and Exposures

The unit operations associated with each part of the PCB manufacturing supply chain result in a
unique set of potential release points and occupational exposures to flame-retardant chemicals.
This section provides a general overview of occupational pathways and routes of exposure, and
then identifies the specific processes and corresponding potential release and exposure points for
the unit operations associated with the manufacturing of flame retardants, epoxy resins,
laminates, and PCBs. It should be noted that many of the potential occupational exposures
identified here have been reduced or eliminated by the use of engineering controls and personal
protective equipment. Also, the level of exposure will vary considerably between workers and
the general population. Some releases will only result in exposure for workers, while other
releases result in exposures for the environment and the general population. Therefore, a risk
evaluation should address occupational exposures separately from environmental and general
population exposures.

Inhalation Exposures

The physical state of the chemical during chemical manufacturing and downstream processing
significantly affects the potential for inhalation exposure of workers. In particular, the physical
state can result in three types of inhalation exposures that should be evaluated.

Dust: Chemicals that are manufactured, processed, and used as solids have the potential to result
in occupational exposure to fugitive dusts. The potential for fugitive dust formation depends on
whether the solid chemical is handled in the crystalline form, as an amorphous solid, or as a fine
powder, as well as the particle size distribution and solids handling techniques. If there is
exposure to dust, the level of exposure is directly proportional to the concentration of chemical in
the particulate form. Therefore, a flame retardant that is used at a lower concentration results in a
decreased exposure from this pathway and route (assuming that an equivalent amount of dust is
inhaled).

When assessing occupational exposures to flame-retardant chemicals, it is important to note the
physical state of the chemical at the potential point of release and contact. The pure chemical
may be manufactured as a solid powder, indicating a potential exposure to dust. However, it may
be formulated into solution before any workers come in contact with it, thereby eliminating
inhalation exposure to dust as a potential route. It is also important to note that the size of the
dust particles may have a profound influence on the potential hazards associated with inhalation
exposures for those materials that are not anticipated to be absorbed in the lungs. For these
materials, the potential hazards are typically associated with smaller, respirable particles
(generally those less than 10 microns in diameter).

Vapor: Exposure to vapors can occur when liquid chemicals volatilize during manufacturing,
processing, and use. Most chemical manufacturing operations occur in closed systems that
contain vapors. However, fugitive emissions are expected during open mixing operations,
transfer operations, and loading/unloading of raw materials. More volatile chemicals volatilize
more quickly and result in greater fugitive releases and higher occupational exposures than less
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volatile chemicals. Therefore, vapor pressure is a key indicator of potential occupational
exposures to vapors.

Mist: Both volatile and non-volatile liquids can result in inhalation exposure if manufacturing or
use operations result in the formation of mist. It is unlikely that flame-retardant chemicals used
in PCBs will be applied as a mist.

Dermal Exposures

Occupational dermal exposure is also affected by the physical state of the chemical at the point
of release and contact. For example, the likelihood of liquids being splashed or spilled during
sampling and drumming operations is different than for similar operations involving polymerized
solids, powders, or pellets. Dermal exposure is also generally assumed to be proportional to the
concentration of chemical in the formulation. For example, the dermal exposure from contacting
a pure chemical is greater than the exposure from contacting a solution that contains only 10
percent of the chemical. Screening-level evaluations of occupational dermal exposure can be
based on the worker activities involving the chemical. For example, there may be significant
exposure when workers handle bags of solid materials during loading and transfer operations.
Maintenance and cleanup activities during shutdown procedures, connecting transfer lines, and
sampling activities also result in potential dermal exposures.

Ingestion Exposures

Occupational exposures via ingestion typically occur unintentionally when workers eat food or
drink water that has become contaminated with chemicals. Several pathways should be
considered. Often the primary pathway is poor worker hygiene (eating, drinking, or smoking
with unwashed hands.) First, dust particles may spread throughout the facility and settle (or
deposit) on tables, lunchroom surfaces, or even on food itself. Vapors may similarly spread
throughout the facility and may adsorb into food and drinking water. Another potential pathway
for ingestion occurs from dust particles that are too large to be absorbed through the lungs. These
“non-respirable particles” are often swallowed, resulting in exposures from this route. While
ingestion is considered to be a realistic route of exposure to workers, it is often considered less
significant when compared to inhalation and dermal exposures, based on the relative exposure
quantities. On the other hand, ingestion during consumer use and to the general population is
often as significant as or more important than the inhalation and dermal routes. If persistent and
bioaccumulative compounds get into the environment and build up in the food chain, they can
become a significant exposure concern.

5.2.1 Flame Retardant and Epoxy Resin Manufacturing

The specific unit operations, operating conditions, transfer procedures, and packaging operations
vary with the manufacture of different flame-retardant and resin chemicals. Potential releases
and occupational exposures will depend on each of these parameters. While it is outside the
scope of this report to identify and quantify the releases and exposures associated with individual
chemicals, this section presents a general description of typical chemical manufacturing
processes and identifies potential releases.
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Figure 5-2 presents a generic process flow diagram for epoxy resin manufacturing. Production
volumes and batch sizes associated with flame-retardant and epoxy resin chemicals typically
require the raw materials to be stored in large tanks or drums until use. The first step in most
epoxy resin manufacturing processes for standard FR-4 materials is to load the raw materials into
some type of reactor or mix tanks — as shown in Figure 5-2, the tanks labeled as liquid epoxy
resin (LER) and reactive flame retardant (e.g. TBBPA) hopper. Next, large-quantity liquids are
typically pumped into the reactor, and small-quantity raw materials may be manually introduced
or carefully metered via automated systems. Releases may occur from these operations, but
occupational exposure potential is typically small due to the number of safety procedures and
engineering controls in place.

Throughout the resin manufacturing process, there are several release points that may pose an
exposure risk to workers: packaging operations, leaks from pumps and tanks, fugitive emissions
from equipment, cleaning of process equipment, and product sampling activities. Additionally,
crude or finished products are often stored on-site in drums, day-tanks, or more permanent
storage vessels until the flame-retarded epoxy resin is packaged and shipped to the laminator.
The transfer and packaging operations, as well as any routine and unplanned maintenance
activities, may result in releases of and exposures to hazardous chemicals.
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Figure 5-2: Epoxy Resin Manufacturing Process
(example with TBBPA as reactive FR)

—
TBBPA
Heopper
Bisphencl-4 LER
Catalyst —¥
Caustic Corbonate —w - -
Epichlorfydrin | I ~
Seed Resin |
L 1 ——— Weight Hopger
Acetone S _D_l_ —
Reactor N Cotahyst
[——
Check
Tank
3 o
| |
Storoge Storage Storage

Delivery To Lominatar



DRAFT REPORT

5.2.2 Laminate and Printed Circuit Board Manufacturing

The laminate and PCB manufacturing processes, summarized in Figures 5-3 and 5-4, can result
in occupational exposures to process chemicals if protective measures are not put in place. The
potential release of FR chemicals from laminates is not known, but is probably very low, if there
is any at all. As shown in Figure 5-3, the laminator combines the flame-retarded epoxy resin
with a curing agent (or hardener) and a catalyst in a mix tank as a first step of the laminate
manufacturing process. From there, woven fiberglass mats are embedded with the epoxy resin,
resulting in prepreg sheets. A copper clad laminate (CCL) is then assembled by layering the
prepreg sheets with copper sheets and stainless steel caul plates, as shown in Figure 5-3. The
finished CCL is then shipped to the PCB manufacturing facility.

As summarized in Figure 5-4, PCB manufacturing involves numerous chemical and
electrochemical processes to cut, drill, clean, plate, and etch conductive pathways. Almost all of
these processes involve immersion of equipment or work pieces into a series of process baths,
with each bath followed by a rinsing step. For example, the process of drilling holes in the PCB
involves a series of individual steps, including cleaning (or desmearing) the holes with chemicals
or gas plasma and plating the holes with copper, and each step requires at least one process bath
and rinsing.

Many PCB manufacturers have implemented relatively simple techniques to reduce the amount
of chemicals that enter wastewater, such as withdrawing equipment from tanks slowly to allow
maximum drainage back into the process tank (CA EPA, 2005). Most manufacturing facilities
prevent worker exposure through use of engineering controls, personal protective equipment, and
safe work practices.
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Figure 5-3: Laminate Manufacturing Process
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Figure 5-4: Printed Circuit Board Manufacturing Process
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5.2.3 Best Practices

Incorporating best practices into the manufacturing process can reduce the potential for
exposure. The Bromine Science and Environmental Forum (BSEF) set up the Voluntary
Emissions Control Action Programme (VECAP) “to manage, monitor and minimize industrial
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emissions of brominated flame retardants into the environment through partnership with Small
and Medium-sized Enterprises.” The program started with decabromodiphenylether in Europe.
VECAP members follow six central steps to continually improve their processes and reduce
emissions: (1) commitment to the VECAP code of good practices, (2) self-audit, (3) mass
balance, (4) baseline emissions survey, (5) emissions improvement plan, and (6) implementation
and continuous improvement (BSEF, 2007).

ISO, the International Organization for Standardization, has also developed a series of
environmental management standards under the 14000 label. ISO 14000 standards establish a
“holistic, strategic approach” for continually reducing negative environmental impacts. They are
intended to cover a wide range of operations, and thus are not specific to brominated flame
retardants (ISO, 2007).

5.3 Potential Consumer and General Population Exposures

Exposures to consumers and the environment are different from exposures to workers and should
be evaluated separately for a number of reasons. Occupational exposures typically result from
direct contact with chemicals at relatively high concentrations while workers are conducting
specific tasks. Conversely, consumers may be exposed over a much longer period, but to a much
smaller level because the chemical is incorporated into the product. Also, the general population
and the environment will be exposed via different pathways and routes from workers and
consumers. For example, a person who does not own a product containing a flame-retarded PCB
may still be exposed if the chemical leaches from the disposed product into the drinking water
supply. Once in the water supply, groundwater, or surface water, it can be ingested by people or
consumed by fish and other animals. Similarly, if the chemical is released to the atmosphere
during manufacture, use, or disposal, it may settle out on food crops and be ingested directly by
people, or by cattle or other livestock. If the chemical is bioaccumulative, it may concentrate in
the animal and reach people through the food chain. For these reasons, exposure to the
environment and the general population should be assessed independently from occupational
exposure.

A quantitative exposure assessment is outside the scope of this report. However, the primary
pathways and routes from environmental, general population, and consumer exposures are
discussed in the following sections. Important chemical-specific factors that may help the reader
compare potential exposure between various flame-retardant alternatives are also discussed.

5.3.1 Physical and Chemical Properties Affecting Exposures

As previously discussed, the physical and chemical properties of a chemical often determine the
pathways and routes of exposure. In addition, the physical and chemical properties will affect
how the chemical becomes distributed in the environment once it is released, which will, in turn,
influence the potential for the chemical to be transported from the release point to the receptor.

Additive Versus Reactive Flame Retardants

As discussed in Chapter 3, flame-retardant chemicals can be classified as either additive or
reactive. Additive flame retardants are added to a manufactured product without bonding or

5-15



DRAFT REPORT

reacting with the product, whereas reactive flame retardants are chemically reacted into the raw
materials that are used to make the final product. Most PCBs currently use reactive TBBPA,
which loses the identity of the starting monomer material during polymerization. Because they
are chemically bound to PCBs, reactive flame retardants are much less likely to pose
occupational, consumer, or environmental exposure concerns than additive flame retardants.
Moreover, the polymerization processes are typically conducted in totally enclosed systems, thus
minimizing the potential for occupational exposure. It should be noted, however, that reactive
chemicals or close analogues could be released from the finished product if a portion of the
chemicals is not completely reacted during the polymerization process. According to a 1995
study, a trace amount of starting TBBPA material is unreacted after polymerization (4
micrograms per gram) (Sellstrom and Jansson, 1995).

Properties Affecting Transport in the Environment

If a chemical is released into the environment, either from the finished PCB or directly from an
industrial facility, there still may not be significant exposures unless there is a potential for the
chemical to travel from the source to the receptor. Primary mechanisms of transport include the
water supply and air dispersion. Many factors affect movements of chemicals throughout these
media. However, a few chemical properties can provide a good screening-level indication of
which pathway(s) a chemical is likely to take.

Water Solubility

Water solubility is an indicator of the amount of chemical that will dissolve in aqueous solutions.
Chemicals with high water solubility will readily dissolve. This indicates a potential for the
chemical to be transported long distances in rainwater and surface water runoff from the point of
release. High water solubility also means the chemical is less likely to settle or precipitate as a
solid at the bottom of a receiving stream; it may become dispersed throughout a drinking water
supply that is eventually ingested by the general population.

Octanol/Water Partition Coefficient (Log K,,)

The log K, is a chemical-specific parameter that reflects the hydrophobicity of the chemical,
meaning the tendency for the chemical to partition from water to organic phases (e.g., organic
matter in soil or water, or lipids in organisms like fish). A high partition coefficient value means
that the chemical is more soluble in octanol than in water, while a low partition coefficient value
means that the chemical is more soluble in water than in octanol. Some chemicals may initially
be released on the ground; however, they are quickly absorbed by organic materials in the soil. In
this instance, the chemical may never be transported to a water supply. Chemicals that readily
dissolve in water are more likely to find their way to an underground water supply. The
octanol/water partition coefficient can be used to evaluate potential aquatic exposure and
potential exposure of the general population via ingestion.

Vapor Pressure

Vapor pressure can be used to assess the amount of chemical that vaporizes into the gas phase
(from solution or from a finished article). Similarly, the Henry’s Law Constant indicates the
amount of chemical that will volatilize from an aqueous solution. A high vapor pressure and
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Henry’s Law Constant indicates a higher potential for the chemical to enter the vapor phase and
be transported long distances through ambient air. These parameters can be used to evaluate
potential exposure of the general population via inhalation.

Persistence and Bioaccumulation

If a chemical is released, there still may be little or no potential for environmental and general
population exposures. This potential is affected by the fate of the chemical in the environment
and its ability for uptake by the receptor organism. Two parameters affecting fate components of
the exposure pathway are persistence and bioaccumulation.

Persistence

Many natural phenomena can degrade or destroy chemicals. Factors that can contribute to
degradation include exposure to light, reactivity with air and water, and microbial activity. The
ability of a chemical to persist in the environment can be measured by its half-life. This is the
amount of time required for half of the chemical to be degraded. The half-life can be measured
(or estimated) for different media (e.g., half-life in air and half-life in water). Chemicals with a
very long half-life are said to be persistent. Half-life can be used to describe the persistence of
chemicals, as well as their expected degradation products.

Bioaccumulation

The toxicological effects exhibited for some endpoints depend on the ability of the chemical to
be absorbed in tissue, and remain for extended periods of time. This general concept is referred
to as bioaccumulation. Chemicals that are highly bioaccumulative pose greater concerns.
Bioaccumulation can be measured or estimated by analyzing a number of parameters, including
the fish bioconcentration factor (BCF). BCFs can be used to evaluate the bioaccumulation
potential of chemicals.

5.3.2 Consumer Use and End-of-Life Analysis
Consumer Use

The nature of exposure to PCBs during use will vary with the composition of the product and the
manner in which the product is used. However, at the moment little information exists in the
literature about the emissions potential of alternative flame retardants from the use of electronic
products. Similarly, little to no research has addressed whether the type of flame retardants used
in PCBs potentially affects these emissions.

Several studies have examined the potential of brominated flame retardants to volatilize or offgas
from electronic devices. A study conducted by the German laboratory ERGO, which
investigated offgassing potential of TBBPA from computers under both real-world conditions
and chamber conditions, found that all emissions of TBBPA were associated with the housing
material (additive application of TBBPA), none with the printed circuit boards (reactive
application of TBBPA) (HDPUG, 2004). The German Federal Institute of Materials Testing also
conducted chamber emission testing of flame retardants from electronic articles and construction
products. They found very low emissions, even at the elevated operating temperatures of
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computers (Kemmlein et al., 2003). Beard and Marzi (2006) investigated the offgassing
potential of thermoplastic polymers containing phosphorus-based and brominated FRs by
simulating extreme indoor car heat conditions as a worst case scenario; the study found very low
levels of volatilization (0 to 6 mg/kg).

Without further information on the exposure potential associated with printed circuit board use,
the differences between flame-retardant alternatives cannot be estimated. Additive flame
retardants, which are not commonly used in PCBs, are more likely to generate emissions than
reactive flame retardants. However, for additive flame retardants the potential for offgassing is
directly related to the volatility of the chemical (vapor pressure), which again is related to
molecule size and weight.

End-of-Life Pathways

The amount of electronic waste generated annually in the United States is growing rapidly.
According to a recent EPA study, the amount of electronic products either recycled or disposed
of annually increased from an estimated 1.1 million tons in 1999 to 2.2 million tons in 2005
(OSW 1, 2007). While electronics represent less than 2 percent of the total municipal solid
waste stream, electronics contain many toxic substances that can adversely affect the
environment and human health (OSW 1, 2007).

In the United States, used electronic goods are typically purchased by equipment handlers, such
as brokers and liquidation or auction services, or by equipment processors, such as refurbishers
and recyclers. Most used electronic goods then undergo a series of tests to determine their
condition. If a device is in good condition, it is reused either in part or in whole. Devices not in
satisfactory condition become e-waste, and are sent to demanufacturing and destruction facilities
where raw materials are either disposed of or recycled.

The manner in which electronic waste is disposed of or recycled determines the potential
environmental and human health irnpacts.9 A recent EPA study indicates that 15 to 20 percent of
e-waste is recycled, and 80 to 85 percent is disposed of (includes landfill and incineration) (OSW
1,2007). Of the e-waste that is recycled, a portion is shipped overseas. For example, 61
percent, or 107,500 tons of cathode ray tubes (CRTs) were shipped overseas in 2005 for
remanufacture or refurbishment (OSW 2, 2007). Of the e-waste shipped overseas, an unknown
portion is disassembled and recycled under largely unregulated conditions. The following
sections describe disassembly and recycling practices typical of unregulated overseas conditions
and summarize the nature of their potential impact.

Recycling

As Figure 5-5 shows, the PCB recycling process can involve both thermal processing, such as
smelting to recover precious metals, and nonthermal processing, such as disassembly, shredding,
separation, and chemical treatment. The potential level of exposure to workers and the general
population that results from these processes will vary depending on the type of operation

? According to a 2005 UN report, up to 50 million metric tons of e-waste is generated annually. In the United States,
the amount of e-waste is increasing at three times the rate of general waste. http://www.rrcap.unep.org/policy2/13-
Annex%204a-e-wastes%20SEPD2.pdf; http://news.yahoo.com/s/nm/20070611/1f nm/china_ewaste dc.
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employed. Many recycling operations employ these methods in safe conditions that minimize
the potential for exposure, and recover valuable metals that are part of finished boards.

Figure 5-5: Sketch of the PCB Recycling Process (Li et al., 2004)
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The thermal process of smelting separates valuable metals, such as gold, silver, platinum,
palladium, selenium, and copper, from impurities in PCBs (Figure 5-6). The process operates by
heating PCBs in a furnace to about 1,200 to 1,250°C in the presence of a reducing agent, which
is usually carbon from fuel oil or the organic portion of PCBs. Silicate, such as silicon dioxide,
is also added to help control reaction temperatures, and excess process gases are burned and
purified to remove contaminants (Kindesjo, 2002). Therefore, silicon dioxide based FRs are
beneficial to the smelting process (Lehner, 2008).

Figure 5-6: Smelting Process (Kindesjo, 2002)
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The smelting process generates two layers inside the furnace, a top layer of slag and a bottom
layer of “black copper.” The bottom black copper layer can be directly sent to a copper recovery
unit, such as a copper converter or leaching and electrowinning facility (Umicore, 2005). The
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top layer of slag is further processed to separate metals from impurities. After slag processing is
complete, leftover slag is deposited in impoundment areas (Kindesjo, 2002).

In the absence of proper control equipment, the smelting process may pose risks to workers and
the public through exposure to toxic chemicals. Halogenated flame retardants, for example, can
lead to the formation of dioxins during the smelting process if proper safety measures are not
installed (Umicore, 2006). However, the three primary smelters in the world — Boliden,
Umicore, and Noranda — have learned how to operate with high loads of halogenated electronic
scrap and effectively control emissions of dioxins and furans, mercury, antimony, and other toxic
substances. In addition to the potential emission of toxic chemicals, high operating temperatures
may create occupational hazards. High loads of bromine or chlorine may induce corrosion of
gas-cleaning equipment. In sensitive areas, a process step for halogenide recovery may need to
be added (Lehner, 2008).

In contrast to the recycling practices described above, a large portion of the e-waste shipped
overseas to China, India, Pakistan, and other developing countries is subjected to unregulated
recycling practices that may pose significant exposure concerns. Much of the PCB waste in
unregulated operations is subject to open burning and acid leaching to recover precious metals.
The Basel Action Network (BAN), which has visited open burning sites in Asia, reports that the
general approach to recycling a circuit board first involves a de-soldering process. The PCBs are
placed on shallow wok-like grills that are heated underneath by a can filled with ignited coal. In
the wok-grill is a pool of molten lead-tin solder. The PCBs are placed in the pooled solder and
heated until the chips are removable, and then the chips are plucked out with pliers and placed in
buckets. The loosened chips are then sorted between those valuable for re-sale and those to be
sent to the acid chemical strippers for gold recovery. After the de-soldering process, the stripped
circuit boards go to another laborer who removes small capacitors and other less valuable
components for separation with wire clippers. After most of the board is picked over, it then goes
to large scale burning or acid recovery operations. It is this final burning process that potentially
emits substantial quantities of harmful heavy metals, dioxins, beryllium, and polycyclic aromatic
hydrocarbons (PAHs) (BAN and SVTC, 2002). The chemicals released through these processes
can be inhaled by workers or could leach into the soil and water surrounding the area.
Greenpeace recently collected industrial wastes, indoor dusts, soils, river sediments, and
groundwater samples from more than 70 industrial units and dump sites in Guiyu, China, and
New Delhi, India, and found elevated levels of lead, tin, copper, cadmium, antimony, PBDEs,
and polychlorinated biphenyls (Greenpeace, 2005).

In terms of the size of the population potentially at risk from open burning practices, the local
government Web site of Guiyu reported that the city processes 1.5 million tons of e-waste every
year, resulting in $75 million in revenue (Johnson, 2006). The People’s Daily, the state-run
newspaper, reported last year that Guiyu’s more than 5,500 e-waste businesses employed more
than 30,000 people, and state media estimated that almost 9 out of 10 people in Guiyu suffered
from problems with their skin, nervous, respiratory, or digestive systems, which may be linked to
these practices (Chisholm and Bu, 2007).
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In order to better understand the effects of combustion processes, the relationship between
specific combustion scenarios and the release of specific quantities of harmful substances has
been further analyzed as part of this project. The results of these tests are presented in Chapter 6.

Landfills

Electronic waste sent to a landfill can lead to the creation of leachate (i.e., the mixture of
rainwater and liquids within the waste). This leachate has the potential to seep into the ground or
drain into nearby surface water, where it could affect the environment and have a negative
impact on food and water supplies.

To date, most leachability studies in the literature have focused on the potential for discarded
electronic devices to leach lead and other heavy metals. A relatively small number of these
studies have investigated leachability potential of brominated flame retardants (BFRs), and in
general, have found either no or very small concentrations of brominated compounds in the
leachate. When BFRs are added versus reacted into the resin system, the potential for the BFRs
to leach from PCBs is much greater (Keml, 1995).

A recent study conducted by Beard and Marzi (2006) investigated the leachability potential of
phosphorus-based and brominated flame retardants from thermoplastic polymers and found that
small amounts of phosphorus and bromine respectively leached from the polymer. Another
study (Yoneda et al., 2002) reported that a small amount of phosphate ions leached from a
Fujitsu-developed dielectric material consisting of a bisphenol-A epoxy with an additive type
organic phosphate in hot water and aqueous alkaline solutions. When Fujitsu developed and
tested a dielectric material consisting of a naphthalene-based epoxy with reactive-type organic
phosphate, no phosphate ions leached from the material.

Aside from the studies referenced above, little information exists in the literature about the
leachability potential of alternative flame retardants in landfill environments. Similarly, little to
no research has addressed whether the type of flame retardants used in PCBs potentially affects
the leachability of heavy metals.

5.4 Methods for Assessing Exposure

The European Union’s risk assessment of TBBPA offers insight into how personal and
environmental exposure can be evaluated for flame-retardant chemicals. The EU risk assessment
consists of two parts: the human health assessment, which was finalized in 2006, and the
environmental assessment, which is currently in draft form. As part of the human health and
environmental risk assessments, exposure assessments have been conducted to estimate the
levels of TBBPA released in occupational settings and in the general environment. In both, the
EU differentiated between reactive and additive TBBPA and considered different stages of the
life cycle when estimating releases. While the results of the EU risk assessment are not being
used as part of this partnership project, Tables 5-3 and 5-4 highlight some of the key methods
and assumptions used to estimate emissions of TBBPA used as a reactive flame retardant in
epoxy and other resins.
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In the human health exposure assessment, the term exposure is used to denote personal exposure
without the use of any personal protective equipment. The EU used both measured and predicted
exposure data. Given the lack of TBBPA exposure data, the United Kingdom (UK) Health and
Safety Executive (HSE) commissioned sampling studies within the UK at four sites: two sites
involved in the production of polymers where TBBPA is incorporated into the finished product
(one of which manufactures resin laminates), and two sites where polymer products are recycled.
The EU supplemented the measured exposure data with predicted data from the EASE
(Estimation and Assessment of Substance Exposure) model, which is widely used across the EU
for occupational exposure assessment of new and existing chemicals.

Table 5-3: Human Health Exposure Assessment (EU Risk Assessment, 2006)

Life-Cycle
Stage Key Methods/Assumptions Source of Data
Inhalation exposure: Sampling results
HSE visited a manufacturing facility of copper/resin laminates used for PCBs in 2002 | from 2002 study at
to measure personal inhalation exposure. Used one personal sampler during the UK laminate
bromination step and multiple personal and static samplers during other steps of the manufacturing
Production | laminate process. Due to uncertainty surrounding the measured estimates, EU used facility; EASE model
of laminates | EASE model to estimate “typical” and “worst-case” inhalation values for bromination
and other laminate production steps.
Dermal exposure:
EASE model used to estimate “typical” and “worst-case” dermal values for
bromination and other laminate production steps.
Inhalation exposure: Sampling results
HSE visited recycling facility where PCBs are shredded and exported for recovery of | from 2002 study at
Computer | precious metals in 2002. Used personal and static samplers during shift. EU used UK recycling facility;
recycling | EASE model to estimate “typical” and “worst-case” inhalation exposures. EASE model
Dermal exposure:
EASE model used to estimate dermal exposure values. Predicted to be very low;
consequently, dermal exposure values not used by EU in exposure assessment.
Inhalation exposure: Sjodin et al., 2001;
PCB Results of Sjodin et al., 2001 study, which measured levels of TBBPA in a factory that | professional
assembles PCBs, used to establish “typical” and “worst-case” inhalation values. judgment of risk
Assembly )
Dermal exposure: assessors
Dermal exposure assumed to be negligible given the low levels of free TBBPA in
PCB:s.
Inhalation exposure: Sjodin et al., 2001;
Office Results of Sjodin et al., 2001 study, which measured levels of TBBPA in a factory that | professional
environment | assembles PCBs, used to establish “typical” and “worst-case” inhalation values. judgment of risk
Dermal exposure: assessors
Dermal exposure assumed to be negligible given the low levels of free TBBPA in
PCB:s.
Inhalation exposure: EASE model
. EASE model used to predict “typical” and “worst-case” inhalation values.
Plastic )
recycling Dermal exposure: .
EASE model predicted dermal exposure to be very low; consequently, dermal
exposure values not used by EU in exposure assessment.
EU concluded that consumer exposure to TBBPA is likely to be insignificant, and that | Professional
Consumer e L . .
exposure any attem.pt. to quantify it would result in significant errors due to the small exposure judgment of risk
levels anticipated. assessors
Indirect EUSES 2.0 model used to estimate the concentrations of TBBPA in food, air, and EUSES 2.0 model
exposure via | drinking water.
environment
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In the environmental exposure assessment, the EU estimated environmental releases using
industry-specific information, supplemented by defaults for lifecycle stages where sufficient
industry-specific information was unavailable. These are used together with fate and behavior
data to derive predicted environmental concentrations (PECs) in different media. The specific
methods used in the PEC calculations are described in the EU’s Technical Guidance Document
on Risk Assessment, last revised in 2003 (EU Technical Guidance Document, 2003).

Table 5-4: Environment Exposure Assessment (EU Risk Assessment, 2007 draft)

Life-Cycle
Stage Key Methods/Assumptions EU Data Source
Production Emissions associated with production not considered in the risk assessment since no --
TBBPA currently produced in the EU.
Total amount of TBBPA used in the EU estimated at 6,500 tonnes per year, of which 2003 consumption
90% (or 5,850 tonnes per year) assumed to be reactive flame retardant in epoxy and data from EFRA and
other resins. EBFRIP
Use / Default emissions factor of 0.001% to air and 0.001% to water used due to a lack of Technical Guidance
Processing specific release information for EU sites. Document 2003
Levels of residual TBBPA present in finished epoxy resins assumed to be <0.02% by Information reported
weight of the resin, or <0.06% of the amount of TBBPA used to make the resin. by Industry as part of

survey; no references
provided

Lifetime of

Releases associated with finished products based on estimated volume of TBBPA used

Information reported

as a reactive FR in finished products, as well as estimate that 0.06% of the amount of by Industry as part of

TBBPA used to make epoxy resin is present, or free, for release. survey; no references
provided

Amount leached from products over their lifetime is assumed to be very low for Professional

purposes of this risk assessment. judgment of EU risk

asSSEsSSors

Products A yearly emission factor of 8.0x10™ % (of the residual amount of TBBPA in polymers) | Emissions data from
due to volatilization used. Assumed that reactive FRs volatilize at same release factor | ERGO 2002
as additive FRs.
No loss of residual TBBPA through wear and weathering is assumed over the lifespan | Professional
of products where TBBPA is used as a reactive FR. judgment of EU risk
assessors
Recycling | Emissions of TBBPA from the collection, separation, and regrinding of PCBs (or other | Professional
and Disposal | plastics where TBBPA is used as a reactive FR) assumed to be limited. judgment of EU risk

aSSESSOrs

5.5 Chemical Life-Cycle Considerations

This section discusses the environmental and human health impacts for each of the seven flame
retardants that can occur throughout the life cycle: from raw material extraction and
manufacture, through product use, and finally at end of life of the material or product. For each
stage of the chemical’s life cycle, this section addresses potential exposure concerns for workers,
the general population, and the environment. It should be noted that a greater level of
information exists for TBBPA as compared to the more recently developed flame-retardant
alternatives.
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5.51 TBBPA

Tetrabromobisphenol A (TBBPA) is used as both an additive and reactive flame retardant in a
wide variety of electronic equipment. As discussed in Section 3.2, TBBPA is most commonly
used as a reactive flame retardant in PCBs and is incorporated through chemical reactions with
the epoxy resin.

Raw Material Extraction

Bromine is produced from salt brines in the United Stated and China, from the Dead Sea in Israel
and Jordan, and from ocean water in Wales and Japan (BSEF, 2007). Bromine is typically
isolated via a series of redox reactions involving chlorine, sulfur dioxide and acid (MIT, 2003;
York, 2007). During these reactions the seawater is acidified and then chlorinated to oxidize
bromide to elemental bromine. At this stage, the bromine is not concentrated enough to
practically collect and liquify, so sulfur dioxide is added to reduce the bromine to hydrobromic
acid. Chlorine is then added to re-oxidize hydrobromic acid to elemental bromine. At this point,
bromine gas is collected and condensed (Grebe et al., 1942). While caustic substances are
involved in these processes, they are typically contained in an enclosed tower, which mitigates
worker exposure and environmental release.

Manufacture of Flame Retardant, Laminate, and PCB

TBBPA is produced by brominating bisphenol A (BPA) in the presence of solvent. This reaction
is highly exothermic, and no catalyst is required. Co-products will depend on the solvent used
and the process conditions. The use of some solvents results in co-products, while the use of
other solvents does not result in co-products. Co-products are typically either sold as products or
disposed of as wastes.

Methanol and n-propanol are two examples of solvents that lead to the formation of co-products.
Use of methanol produces methyl bromide, and use of n-propanol produces n-propyl bromide
(Noonan, 2000). These co-products are typically removed through purification processes that
can include the use of caustic neutralizers.

TBBPA is commercially produced by Albemarle Corporation (Magnolia, AR) and Chemtura (EIl
Dorado, AR). Both corporations use proprietary processes that do not yield methyl bromide
(Haneke, 2002).

While commercially employed bromination processes are proprietary, most involve bromination
of bisphenol A. Figure 5-7 gives a general overview of the main chemicals and reactions
involved in TBBPA production. Please note that Figure 5-7 is a general outline of processes
involved, and is not a complete list of chemicals or process steps.
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Figure 5-7: Common Reactants and Processes Involved in TBBPA

Process 1 Process 2 Process 3

Benzene/ > Phenol 7_. BisphenolA7'_' TBBPA

Propylene Acetone Bromine

Process (1): Cumene hydroperoxide rearrangement involving benzene and propylene to form phenol — this is the
most common industrial process for producing phenol, accounting for approximately 97 percent of phenol
production. Acetone is also formed as a coproduct (Plotkin 2006). Process (2): Condensation reaction between
phenol and acetone to produce bisphenol A. Process (3): Bromination of bisphenol A to produce TBBPA. In the
absence of an oxidant, HBr would be produced as a coproduct. Hydrogen peroxide can be used to convert HBr back
to Br,, forming water and avoiding this problem.

While Figure 5-7 presents an overview of common reactants and processes involved in TBBPA
production, there are also other processes that can be involved in producing TBBPA. To analyze
the hazards associated with the production of any given TBBPA product, one would have to
trace the line of production and identify which methods were used and what chemicals were
involved, including catalysts, solvents, and other reagents.

Potential exposure to or release of TBBPA particulates may occur during manufacture or
subsequent loading/unloading, transfer, or mixing operations (those that occur before its
incorporation into the epoxy resin). When TBBPA is used as a reactive flame retardant, there
may be unreacted (or free) TBBPA left over in the resin, leading to the presence of free TBBPA
in the laminate and subsequently produced PCBs. The amount of free TBBPA is anticipated to
be relatively low when it is used as a reactive flame retardant, although quantitative data on the
amount of free TBBPA present in PCBs are currently limited. Sellstrom and Jansson (1995)
found approximately 0.7 micrograms per gram in a basic extraction of PCB filings from an off-
the-shelf product purchased in Sweden (approximately 4 micrograms per gram TBBPA used).
Recent studies have been conducted by Nelco to investigate the amount of residual TBBPA, but
the results have not yet been published (PSB Corporation, 2006). One complication is that it is
possible to add TBBPA to the varnish rather than pre-reacting it with an epoxy (as is done to
make D.E.R.438). Even though all of the TBBPA should react, there is more potential to have
unreacted TBBPA present when it is added to the varnish. It is not known how common this
practice is.

D.E.R. 538, the reaction product of TBBPA with an epoxy resin, may be released to the
environment from its use in PCBs through dust-forming operations during its manufacture or
subsequent loading/unloading, transfer, or mixing operations (those that occur before its
incorporation into the laminate or PCB). Increased health hazards for this reaction product arise
from the epoxy functional groups present on the polymer molecules. There may be unreacted
D.E.R. 538 present in the laminate and, subsequently, the PCBs produced. The amount of free
D.E.R. 538 is generally anticipated to be low given that it is incorporated as a reactive flame
retardant, although quantitative data on the amount of free material that may be present are
currently not available.

Bisphenol A, the unbrominated precursor to TBBPA, may also pose potential hazards to human
health and the environment. The European Union’s risk assessment of bisphenol A in 2003
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concluded that for occupational exposures, “there is a need for limiting the risk” to workers
based on eye and respiratory tract irritation, effects on the liver, and reproductive toxicity (effects
on fertility and on development) during the manufacture of BPA and epoxy resins, as well as
concerns for skin sensitization in all occupational exposure scenarios where there is a potential
for skin contact (EU, 2003). For workers, consumers, and the general public, the EU concluded
that further information and/or testing is needed in relation to developmental toxicity at low
doses. The EU also assessed environmental hazards, concluding that further information is
needed on the risk of BPA production to aquatic and terrestrial organisms, as well as the risk of
epoxy resin production on aquatic organisms (EU, 2003).

Use and End of Life

Since TBBPA is reacted with an epoxy resin to form D.E.R. 538, which is then reacted with a
hardener to form a crosslinked polymer low levels of unreacted TBBPA and D.E.R. 538 may
remain in trace concentrations in PCBs; release of these low levels could theoretically occur
during the use and disposal of PCBs. Because TBBPA is difunctional, there is less potential for
release compared to DOPO, which is monofunctional, and more potential for release compared
to Fyrol PMP, which is tetrafunctional. TBBPA has been detected in the air of electronic
recycling plants (Sjodin et al., 2001, 2003), although these facilities also recycled products where
TBBPA is used as an additive flame retardant. Although its water solubility is low under neutral
conditions, free TBBPA could also be released from PCBs in landfills that come in contact with
basic leachate. However, unlike other brominated flame retardants, TBBPA is not very stable in
air under basic conditions. In addition, there is potential for emissions of brominated dioxins and
furans or other byproducts when products containing TBBPA are combusted during end-of-life
processes. Levels of exposure and any subsequent effects of exposure to the reacted flame
retardant products during the disposal phase of the life cycle, in which flame retardants may
become mobilized through direct intervention processes, such as shredding, are unknown.

5.5.2 DOPO
Raw Material Extraction

Phosphorus is usually obtained from phosphate rock, which contains the mineral apatite, an
impure tri-calcium phosphate. Large deposits of phosphate rock are found in Russia, Morocco,
Florida, Tennessee, Utah, Idaho, and elsewhere (Lide, 1993). By one process, tri-calcium
phosphate, the essential ingredient of phosphate rock, is heated in the presence of carbon and
silica in an electric furnace or fuel-fired furnace. Elementary phosphorus is liberated as vapor
and may be collected under water (Lide, 1993). While elementary phosphorus can form a
diatomic molecule with a triple bond, it more readily forms a tetrahedral P4 molecule. Py, also
called white or yellow phosphorus, exists in the gas phase and also as a waxy solid and viscous
liquid. The degree of purity determines the “whiteness” of the phosphorus. At room
temperature, phosphorus can exist in an amorphous or semi-crystalline state, called red
phosphorus, which is produced from white phosphorus by extended heating in an inert
atmosphere (Calvert, 2004).
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Some phosphorus-based flame retardants are based on phosphate esters derived from yellow
phosphorus. Approximately 80 percent of the global phosphorus is mined in China in the form
of phosphate ore (Shigeru, 2007). Yellow phosphorus produced from phosphorus ore co-
produces arsenic, mercury, lead and other heavy metals as impurities that should be well
controlled and treated before disposal of wastewater. If Chinese producers of yellow phosphorus
appropriately treat their wastewater, then there is little concern for environmental and human
health effects. However, improperly treated wastewater can lead to major adverse environmental
impacts (Shigeru, 2007).

Manufacture of Flame Retardant, Laminate, and PCB

Chemistry that can be used to make DOPO is shown below. The byproducts of this chemistry
are salts of the Lewis acid (such as aluminum chlorohydrates) and NaCl from the second step.

HO PCI3 p NaOH
P
AICI3 or other
Lewis acid) DOPO

Further chemistry must be performed to react DOPO into the thermoset backbone. The largest
manufacturer of organophosphorus flame retardants for electrical laminates is currently Tohto-
Kasei. The details of their product are not known, but it is widely thought that their product is
“DOPO-HQ”, or the adduct of DOPO with hydroquinone as shown below. This phenolic is then
combined with an epoxy novolak and a catalyst in a solvent to make a varnish suitable for
electrical laminates. Fillers are typically added to these formulations primarily to reduce costs.

OH Q O OH
H20; O DOPO
© "R @ : H\//F; T ©/ +
o
OH @) O DOPO

OH
DOPO-HQ

'U\

Potential human and environmental exposure to DOPO may occur through dust-forming
operations from its manufacture or during loading/unloading, transfer, or mixing operations.

Dow XZ-92547, the reaction product of DOPO with an epoxy phenyl novolak, may be released
from PCBs as a fugitive emission during manufacture of resins and laminates, or during
subsequent loading/unloading, transfer, or mixing operations. The amount of Dow XZ-92547
that may be released from laminates or PCBs during their production and operational stages has
not been determined quantitatively; however, the low vapor pressure of Dow XZ-92547 indicates
that it is not likely to undergo direct volatilization. Increased health hazards for this reaction
product arise from the epoxy functional groups present on the polymer molecules.

Use and End of Life

As a reactive flame retardant, DOPO is not expected to be released from laminates. Its vapor
pressure suggests that it has at least some potential to volatilize at elevated temperatures.

5-27



DRAFT REPORT

Potential releases of DOPO particulates from PCBs may arise during the disposal phase of the
life cycle via shredding or other operations where it may become mobilized. DOPQO’s water
solubility suggests that it may migrate from PCBs deposited in landfills if contact with water
ensues. Release of DOPO during the open burning of PCBs may also lead to environmental
exposures. Because it is monofunctional, there is more potential for release compared to
TBBPA, which is difunctional. DOPO may be released from PCBs during disposal or recycling,
and potentially through dust-forming operations, such as PCB shredding. Leaching of Dow XZ-
92547 from PCBs deposited in landfills is not likely given its low water solubility, high
molecular weight and functionality. Leaching of DOPO is more likely given its relatively low
molecular weight and because it is bound to the polymer by only one covalent bond. DOPO also
oxidizes to a species containing a P-OH group in place of the P-H group. The toxicological
properties of this species are unknown. Levels of exposure and any subsequent effects of
exposure to the reacted flame retardant products during the disposal phase of the life cycle, in
which flame retardants may become mobilized through direct intervention processes, such as
shredding, are unknown.

5.5.3 Fyrol PMP
Raw Material Extraction

For a description of phosphorus extraction, please refer to the above entry for DOPO.

Manufacture of Flame Retardant, Laminate, and PCB

No information regarding the manufacture of Fyrol PMP was available at the time of publication
due to the chemical’s proprietary nature.

The reaction product of Fyrol PMP with resin has the potential to be released to the environment
as a result of dust-forming operations during its manufacture or subsequent loading/unloading,
transfer, or mixing operations (those that occur before its incorporation into the laminate or
PCB). Unreacted reaction product may be present in the laminate and subsequently, the PCBs
produced. The amount of free reaction product is generally anticipated to be low given that it is
incorporated as a reactive flame retardant, but quantitative data on the amount of free material
that may be present are currently not available. Increased health hazards for this reaction product
arise from the epoxy functional groups present on the polymer molecules.

Use and End of Life

As a reactive flame retardant, Fyrol PMP is not expected to be released from laminates, and its
low vapor pressure indicates that it is not likely to undergo direct volatilization. When PCBs are
openly burned, it is possible that high temperatures could break the phosphorous-carbon bonds
that hold Fyrol PMP to the crosslinked resin, which may result in the release of Fyrol PMP to the
environment. Because it is tetrafunctional, Fyrol PMP is less likely to be released than TBBPA
or DOPO, which are, respectively, difunctional and monofunctional. Even so, Fyrol PMP may
be released from PCBs during its disposal or recycling, potentially through dust-forming
operations, such as the shredding of PCBs. It is unlikely that the Fyrol PMP reaction product
will leach from PCBs deposited in landfills given its low water solubility, high molecular weight,
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and hydrolytic instability. However, it is possible that methyl phosphonate may leach out of
PCBs due to hydrolysis of phenol-phosphonate bonds. Exposure to the reacted flame retardant
products during the disposal phase of the life cycle, in which flame retardants may become
mobilized through direct intervention processes, such as shredding, is unknown.

5.5.4 Aluminum Hydroxide
Raw Material Extraction

Aluminum is one of the most plentiful elements in the Earth’s crust, and is usually present as
bauxite ore. Bauxite can contain three different aluminum minerals, including gibbsite
(A1(OH)3), and bohmite and diaspore (different crystalline structures of AIO(OH)). Bauxite ore
also typically contains clay, silt, iron oxides, and iron hydroxides. The majority of bauxite is
mined from surface deposits, but some is excavated from underground deposits (International
Aluminium, 2000). Nearly all of the bauxite consumed in the United States is imported (EPA,
2007).

Manufacture of Flame Retardant, Laminate, and PCB

Once bauxite is recovered from deposits and broken into manageable pieces, it is shipped to a
processing facility where it goes through the Bayer process. During this process, the bauxite ore
is washed, ground, and dissolved with caustic sodium hydroxide. While the end product of the
Bayer process is alumina (Al,O3), aluminum hydroxide (Al(OH);) can be isolated following the
precipitation step (see process steps below) (International Aluminium, 2000). More than 90
percent of domestic bauxite conversion to alumina occurs at refineries in Louisiana and Texas
(EPA, 2007).

Bayer process steps:
1) Digestion—bauxite ore treated with heated sodium hydroxide solution to form sodium
aluminate:

Gibbsite: AI(OH); + NaOH — Na" Al(OH)4
and
Boéhmite and Diaspore: AIO(OH) + NaOH + H,0 — Na" Al(OH)4

2) Clarification—insoluble impurities (red mud) are separated from the suspension.

3) Precipitation—aluminum hydroxide crystals are added to the solution to seed the
precipitation of aluminum hydroxide crystals:

Na" Al(OH);” — AI(OH); + NaOH
4) Calcification—the agglomerates of aluminum hydroxide are calcinated to produce pure
alumina. (Note that while this step is included in the Bayer process, it is not relevant to

the production of aluminum hydroxide; however, this is the reaction that occurs when
aluminum hydroxide acts as a flame retardant.)
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2A1(OH); — Al,0O; + 3H,0

During clarification, clay, silt, iron oxides, iron hydroxides, and other non-aluminum
components are removed from the bauxite ore. These components are disposed of as “red mud,”
which is highly alkaline (pH = 13), and can be hazardous to human health and the environment.
Red mud is viewed as a corrosive and hazardous substance requiring careful handling (Liu et al.,
2007). While there are methods to reduce the hazard of red mud, its disposal can still be
problematic.

Use and End of Life

Once aluminum hydroxide is produced, it can be released into the environment as a fugitive
emission during loading/unloading, transfer, or mixing operations. After incorporation into a
PCB resin and/or the laminate, potential exposure to finely divided aluminum hydroxide
particulates is not expected during the remainder of the operational stages of the PCB life cycle.
Aluminum hydroxide particulates may also be released during the disposal phase of the life cycle
where they can become mobilized through direct intervention processes (such as shredding
operations). The impact of aluminum hydroxide in smelting operations needs to be investigated
further due to concerns about impacts on slags. Aluminum hydroxide thermally degrades to
alumina in the smelting process. Alumina has a limited solubility in smelter slags. If large
concentrations are added, this may lead to either increased slag volumes or higher operational
temperatures, which lead to increased energy consumption (Lehner, 2008).

5.5.5 Exolit OP930
Raw Material Extraction

For a description of phosphorus extraction, please refer to the above entry for DOPO.

Manufacture of Flame Retardant, Laminate, and PCB

Potential human and environmental exposure to Exolit OP930 may occur through dust-forming
operations from its manufacture or during loading/unloading, transfer, or mixing operations.
No additional information regarding the manufacture of Exolit OP930 was available at the time
of publication due to the chemical’s proprietary nature.

Use and End of Life

As an additive flame retardant, Exolit OP930 may also be released from laminates and PCBs.
After incorporation into the resin and/or the laminate, potential releases of Exolit OP930 during
the useful life cycle of PCBs is not anticipated, except by an extractive processes upon contact
with water. Potential releases of Exolit OP930 particulates during the disposal of PCBs may
arise during the disposal phase of the life cycle via shredding or other operations where it may
become mobilized. Its water solubility suggests that it may also migrate from PCBs deposited in
landfills upon contact with water.
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5.5.6 Melapur 200
Raw Material Extraction

For a description of phosphorus extraction, please refer to the above entry for DOPO.

Manufacture of Flame Retardant, Laminate, and PCB

A two-step process is typically used to prepare melamine polyphosphate (Patent Storm, 2002). In
the first step, melamine, urea, and an aqueous orthophosphoric acid solution (containing at least
40 wt percent orthophosphoric acid) are combined, mixed, and dehydrated to produce a powdery
product. In the second step, this powdery product is heated to between 240 and 340°C for 0.1 to
30 hours to obtain melamine polyphosphate (Patent Storm, 2002)

Potential human and environmental exposure to Melapur 200 may occur through dust-forming
operations from its manufacture or during loading/unloading, transfer, or mixing operations. As
an additive flame retardant, it may also be released from laminates and PCBs.

Use and End of Life

After incorporation into the resin and/or the laminate, potential releases of Melapur 200 during
the useful life cycle of PCBs is not anticipated, except by an extractive process upon contact with
water. Potential releases of Melapur 200 particulates during the disposal of PCBs may arise
during the disposal phase of the life cycle via shredding or other operations where it may become
mobilized. Its water solubility suggests that it may also migrate from PCBs deposited in landfills
upon contact with water.

5.5.7 Silicon Dioxide
Raw Material Extraction and Manufacture

Silicon dioxide, or silica (sand), is a naturally occurring compound. It is usually mined with
open pit or dredging mining methods, which have limited environmental impact (USGS, 2007).
Silicon dioxide can also be made synthetically in autoclaves under pressures ranging from 1,500
to 20,000 pounds per square inch and at temperatures of 250°C to 450°C (Lujan). In some cases,
silicon dioxide is synthesized by adding an acid to a wet alkali silicate solution to precipitate
amorphous silicate, which is then filtered, washed, and dried (Degussa, 2007). The conditions in
which silicon dioxide is formed, such as temperature and pressure, determine its structural
properties, such as whether it is amorphous or crystalline. The structure of silicon dioxide, in
turn, affects its potential to cause harm to the environmental and human health.

Potential health concerns arise from the inhalation of finely divided particulates that are
generally less than 10 microns in diameter. The potential health concerns for silicon dioxide, a
poorly soluble respirable pariciulate, arise from effects on the lungs as well as other effects that
may be linked to an adverse effect on the lungs. Assessment of the life cycle for the use of this
compound in PCBs suggests that inhalation exposure to finely divided silicon dioxide
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particulates may potentially occur through dust-forming operations from its manufacture or
during loading/unloading, transfer, or mixing operations.

Use and End of Life

After incorporation into the resin and/or the laminate, potential inhalation exposure to finely
divided silicon dioxide particulates is not anticipated during the remainder of the operational
stages of the PCB life cycle. Finely divided silicon dioxide particulates that are less than 10
microns may also be released to the air during the disposal phase of the life cycle, where they
can become mobilized through direct intervention processes (such as shredding operations). In
the smelting process, silicon dioxide-based FRs are preferred since silicon dioxide is used as a
flux in the process (Lehner, 2008).

5.5.8 Magnesium Hydroxide
Raw Material Extraction

There are several million tons of mineral magnesium hydroxide, called brucite, in the earth’s
crust around the world (USGS, 2008; Amethyst, 2008). However, magnesium hydroxide is
typically recovered from seawater and magnesia-bearing brines, which constitutes an even
greater and more readily available resource than brucite. In 2007, magnesium oxide and other
magnesia compounds (including magnesium hydroxide) were recovered from seawater by three
companies in California, Delaware, and Florida; from well brines by two companies in
Michigan; and from lake brines by two companies in Utah (USGS, 2008).

Manufacture of Flame Retardant, Laminate, and PCB

Recovering magnesium hydroxide from brine and seawater typically involves the addition of
lime calcined dolime (CaO-MgO), which is obtained from a mineral source such as dolomitic
limestone (CaMg(COs),). Magnesium-bearing brine and seawater contain varying
concentrations of calcium chloride (CaCl,) and magnesium chloride (MgCl,), which are mixed
with appropriate concentrations of calcined dolime and water (if necessary) to facilitate the
following reaction (Martin, 2008):

CaCl, + MgCl, + (CaO-MgO) + 2H,0 — 2Mg(OH), + 2CaCl, + H,O
The resulting magnesium hydroxide exists as solid particles suspended in an aqueous phase
containing dissolved calcium chloride. The magnesium hydroxide particles settle to the bottom

of the aqueous suspension, where they are separated, filtered, and washed to remove chlorides
(Martin, 2008).

Hydrated lime (Ca(OH);) can also be used to precipitate magnesium hydroxide via the following
reaction (NIEHS, 2001):

Ca(OH), + MgCl, —> Mg(OH): + CaCl:
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Potential human and environmental exposure to magnesium hydroxide may occur through dust-
forming operations from its manufacture, or during loading/unloading, transfer, or mixing
operations. As an additive flame retardant, it may also be released from laminates and PCBs.

Use and End of Life

After incorporation into the resin and/or the laminate, potential exposure to finely divided
magnesium hydroxide particulates is not expected during the remainder of the operational stages
of the PCB life cycle. Magnesium hydroxide particulates may also be released during the
disposal phase of the life cycle where they can become mobilized through direct intervention
processes, such as shredding operations. The impact of magnesium hydroxide in smelting
operations needs to be investigated further due to concerns about impacts on slags. Magnesium
hydroxide thermally degrades to magnesium oxide in the smelting process. However,
magnesium oxide has a limited solubility in smelter slags. If large concentrations are added, this
may lead to either increased slag volumes or higher operational temperatures, which lead to
increased energy consumption (Lehner, 2008).
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6 Combustion, Pyrolysis and Offgassing Testing of FR-4
Boards

As discussed in Section 5.3.2, little information exists about the combustion and pyrolysis
products that could be formed during end-of-life scenarios. The stakeholders of this partnership
have decided that testing of FR-4 laminates and PCB materials is warranted to learn more about
potential byproducts during product use (e.g., leachability and offgassing) and thermal end-of-
life processes (e.g., open burning, incineration, offgassing, and smelting).

This chapter describes the rationale and methods for offgassing, combustion, and pyrolysis
testing of PCB materials. The University of Dayton Research Institute (UDRI), which has been
involved in studying thermal processes for the last three decades and has experience with the
brominated materials used as flame retardants in PCB manufacturing, will lead the testing.
EPA’s Office of Research and Development (ORD) will supplement UDRI’s testing by directing
the analysis for dioxins/furans and metals. Testing is scheduled to be completed in 2009.
Leachability testing will not be conducted as part of this partnership project given the lack of
suitable analytical methods to study the leachability potential of alternative flame retardants in
landfill environments.

The following stakeholders are funding the combustion testing that will be conducted by UDRI:
= Boliden

= Supresta

= [ITEQ

= Hewlett-Packard

= (Clariant

= (Ciba Specialty Chemicals
= Sony

= Intel

= JIsola

= Dell

= Fuyjitsu-Siemens

* Bromine Science and Environmental Forum (BSEF)

= Matsushita Electric Industrial and Matsushita Electric Works
= [BM

= Nabeltec

6.1 Combustion and Pyrolysis Testing

This section explains the rationale for combustion testing, and describes test methods and
materials.

6.1.1 Rationale

The overall goal of the combustion testing component of this partnership project is to compare
the combustion byproducts from FR-4 laminates and PCB materials during potential thermal
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end-of-life processes, including open burning, incineration, and smelting. This testing will be a
first step in providing industry with a comparative analysis of combustion byproducts from these
materials, which will, in turn, help to identify what further studies are needed to better
understand these byproducts in real-world scenarios. Moreover, this testing will help to advance
decision making on the selection of flame-retardant materials and environmentally acceptable
end-of-life thermal disposal process.

6.1.2 Methods

UDRI will lead the combustion and pyrolysis testing and analysis of byproducts, supplemented
by EPA ORD-directed analysis for dioxins/furans and metals. The testing methodology was
developed through an ongoing collaboration among UDRI and stakeholders of this partnership.
The testing will take place in two phases: Phase 1 will evaluate the ability of proposed test
methods to predict thermal decomposition products of a small number of laminates and establish
experimental methods and conditions; Phase 2 will expand upon Phase 1 by testing both
laminates and populated PCBs at experimental conditions established in Phase 1. The laminates
in Phase 1 and the laminates and populated PCBs in Phase 2 will be tested under a number of
different temperature and atmosphere conditions to predict combustion and pyrolysis products
that could occur across various end-of-life scenarios.

Table 6-1 summarizes the methodology for both phases of the combustion and pyrolysis testing.
A more detailed description of the methodology will be made available with the testing results in
2009.

6.1.3 Test Materials

The following laminates are being considered for testing under Phases 1 and 2. In addition, a
non flame-retarded laminate will be tested in both phases to serve as a baseline.

= NanYa (NPG-TL, NPG-170TL)

= Hitachi BE-67G(R)

= [sola (DE156 and IS500)

= TUC (TU-862 and TU-742)

= MEW RI1566W

= [TEQ (IT170G, IT140G, and IT155G)
= Nelco 4000-7EF

= Shengyi S1155

= Supresta FR Laminate

Before the combustion and pyrolysis testing begins, EPA ORD will conduct X-ray fluorescence
(XRF) analysis of each laminate to determine its elemental composition. The subset of laminates
for inclusion in Phases 1 and 2 will be selected to ensure a broad range of compositions. After
Phase 1 is completed, UDRI will review the data with sponsors to determine the best way to
proceed with Phase 2. In Phase 2, populated boards will be simulated by combining laminates
with components removed from conventional boards.
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Table 6-1: Summary of Combustion Testing Methodology

Phase 1 Phase 2
Goal: To evaluate the ability of proposed test To expand quartz tube and cone-
methods to predict thermal degradation calorimeter testing to other candidate
products of laminates, and to establish laminates
experimental methods/conditions for
Phase 2 testing
Test XRF analysis to determine elemental XRF analysis to determine elemental
Methods: composition (performed by EPA ORD) composition (performed by EPA
TGA to determine pyrolysis ORD)
temperatures TGA to determine pyrolysis
Pyrolysis/quartz tube reactor system e N
Cone calorimeter Pyrolysis/quartz tube reactor system
Cone calorimeter
# of Test 3 laminates (TBBPA laminate, 6 laminates (2 from Phase 1, + 4 of
Vehicles: phosphorus-based laminate, and non- varying composition) + 6 populated
flame-retardant laminate) boards
Sample 10 mg samples for quartz tube reactor 10 mg samples for quartz tube
Size: 3” x 3” x approximately 0.5 samples reaciq
for cone calorimeter 3” x 3” x approximately 0.5”
samples for cone calorimeter
Test For quartz tube: 4 different For quartz tube: 5 temperature/
Conditions temperature/atmosphere conditions atmosphere conditions
For cone calorimeter: 2 different For cone calorimeter: moderately
temperature/atmosphere conditions: high and highest possible
moderately high and highest possible temperatures (based on quartz tube
temperatures (based on quartz tube results) and 2 combustion
results) and 2 combustion atmospheres atmospheres (air or nitrogen)
(air or nitrogen)
Replicates For quartz tube: 2 conditions with no To be determined based on Phase 1
replicates, and 2 conditions with 2 results
replicates each
For cone calorimeter: 1 condition with
no replicates, and 1 condition with 2
replicates
Analytical Gas chromatography-mass GC-MS analysis
Method: spectrometry (GC-MS) analysis

Inductively coupled plasma-mass
spectrometry methods for
phosphorus or aluminum-containing
compounds (performed by EPA
ORD)
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6.2 Offgassing

This section explains the importance of offgassing tests, and briefly discusses the assessment
methods that will be used.

6.2.1 Rationale

Little information exists in the literature about the offgassing potential of alternative flame
retardants from electronic products. Similarly, little to no research has addressed whether the
type of flame retardants used in PCBs potentially affects offgassing of heavy metals during
product use or thermal end-of-life treatment. Testing is needed to provide a comparative
analysis of byproducts of concern that “offgas,” or volatize, from FR-4 laminates and PCBs
during product use and recycling processes.

The stakeholders of this partnership have worked collaboratively with UDRI to identify a testing
approach for offgassing, which is presented below. As of the writing of this report, however, the
offgassing testing has been put on hold due to a lack of sufficient funding.

6.2.2 Methods

If sufficient funds are raised, UDRI will conduct the offgassing testing at temperatures that
approximate offgassing potential during product use and shredding of PCBs that often occurs as
part of the recycling process. Table 6-2 summarizes the methodology for offgassing testing. A
more detailed description of the methodology will be made available with the testing results in
2009.

Table 6-2: Summary of Offgassing Testing Methodology

Offgassing
Goal: o To run tests at temperatures that approximate offgassing during product use
and shredding of PCBs
Test » Place entire PCBs into sealed vessels that have septum sampling ports

Methods:

# of Test o 5 (brominated epoxy laminate + 4 halogen-free laminates and/or PCBs)
Vehicles:

Sample o Full-size laminates and/or PCBs

Size:

Test o 4 temperatures between 25 and 200°C
Conditions

Analytical |«  Solid phase microextraction with GC-MS analysis
Method

6.3 Results (PENDING)
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7 Considerations for Selecting Flame Retardants

Multiple factors must be considered when selecting an appropriate chemical flame retardant. In
addition to flame retardancy properties and health and environmental considerations, the flame-
retarded PCB must meet all required technical specifications. The epoxy resins used for PCBs
are complex chemical formulations. Therefore, a drop-in exchange of flame retardant is usually
not possible, and some adjustment of the overall formulation is required. Small changes in
formulations can significantly affect the manufacturability and performance of PCBs.
Additionally, the laminate containing the selected flame retardant should be compatible with
existing PCB production and processing equipment. Finally, the resulting laminate formulation
must be economically competitive. The cost comparison should not be limited to the flame
retardant itself, but rather on the complete laminate formulation or the resulting PCB.

This partnership recognizes the significance of considering practical alternatives. The
information in this report focuses on human health and environmental attributes and should be
weighed with cost and performance information when selecting alternatives.

7.1 Positive Human Health and Environmental Attributes

This section identifies a set of positive attributes that companies should consider when
formulating or selecting a flame retardant that will meet or exceed existing flammability
standards. These attributes are linked to different aspects of what might happen to a chemical
substance during its life cycle. While ensuring that fire-safety standards are met, the following
desirable human health and environmental chemical characteristics and attributes, relevant to
many flame-retardant chemicals, should be considered general “rules of thumb.” These general
rules of thumb should be applied to both flame retardant chemicals and any of their
decomposition byproducts described in chapter 6.

7.1.1 Low Human Health Hazard and Low Exposure Potential

The overall risk posed to human health is a combination of hazard and exposure. Chemical
hazards to human health include acute toxicity, skin sensitization, carcinogenicity,
immunotoxicity, reproductive effects, developmental effects, neurological effects, systemic
effects, and genotoxicity. Chemical exposure to humans can occur through the skin, inhalation,
and ingestion, and is affected by several physiochemical factors, such as melting point, boiling
point, vapor pressure, water solubility, octanol/water partition coefficient, and Henry’s law
constant.

7.1.2 Low Ecotoxicity

Ecotoxicity measures adverse effects observed in living organisms that typically inhabit the wild,
specifically aquatic organisms (fish, invertebrates, algae). Toxic effects are generally expressed
as the lethal concentration for 50 percent of the study sample (LCs) or the lethal dose for 50
percent of the study sample (LDsy). Since chemicals can have different short-term and long-term
affects, acute ecotoxicity (typically less than 96 hours) and chronic (repeated-exposure)
ecotoxicity should both be considered in choosing a chemical flame retardant.

7-1



DRAFT REPORT

7.1.3 Readily Degradable: Low Persistence

Persistence describes the tendency of a chemical to resist degradation and removal from
environmental settings, such as air, water, soil, and sediment. Chemical degradation in the
environment either occurs through chemical reactivity with its surroundings or through
biodegradation by microorganisms. Chemical reactivity is most commonly a result of hydrolysis
(reactions with water), though photolysis (reactions with sunlight) and oxidative gas-phase
processes may also play a role. In the absence of rapid chemical reactivity, biodegradation is the
primary process that causes degradation. Biodegradation can occur in aerobic settings via
oxidative processes and in anaerobic settings via reductive processes. Depending on the
organism and chemical substrate combination, chemicals may degrade into other chemical
substances or may be completely mineralized into small building blocks (e.g., CO, and water).

Typically, the environmental profile of a chemical improves with its rate of biodegradation.
According to the OECD, a chemical is readily biodegradable if, in a 28-day test, it biodegrades
60 percent or more within 10 days of the time when degradation first reaches 10 percent (70
percent for DOC-based tests). There are two main features of readily biodegradable substances.
Hydrophobic components composed of unsaturated linear alkyl chains (straight chain carbon
molecules) biodegrade more rapidly under aerobic conditions in sewage treatment plants and the
environment than highly branched chains. Also, hydrophobic and hydrophilic components that
are linked by an easily biodegradable group like a carboxylic acid ester will separate the
hydrophobe from the hydrophile during the first step through aerobic biodegradation (i.e., ester
hydrolysis).

Keep in mind that while the rate of degradation is important, it is equally important to be aware
of the byproducts formed through the degradation process. In some cases, the products of
biodegradation might be more toxic and persistent than the parent compound. It is also
important to note that the technical requirements for flame retardants in PCBs, mainly high
temperature and hydrolysis stability, make it impossible to use flame retardants of low chemical
stability (see Section 7.2).

7.1.4 Low Bioaccumulation: High Log K,,, (>8); Large Molecule

The ability of a chemical to accumulate in living organisms is often measured by the
bioconcentration factor (BCF). A high BCF indicates a high potential to bioaccumulate.
Quantified, chemical-specific BCFs are often not available; however, this property can be
estimated by correlating it with another readily-available parameter — the octanol/water partition
coefficient (Koy). In general, a log K,y of 3.5 to 5 corresponds to BCFs of approximately 1,000
to 5,000. Both ranges represent a moderate to high bioaccumulation potential. Note that as the
log K,y increases above 8, the bioaccumulation potential decreases.

The potential for a molecule to be absorbed and harm an organism is less when the molecule is
larger than a certain size. Molecules with the following characteristics are not available for
passive uptake through the respiratory membranes of aquatic organisms: (a) molecules with
hydrophilic components having large cross-sectional diameters (larger than 10 A), or (b) neutral
and anionic surfactants with molecular weights greater than 1,000 Daltons. (Large diameters or
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high molecular weights will limit toxicity to surface effects only and will prevent systemic
effects.)

In addition, high molecular weight molecules (greater than 1,000 Daltons) tend to be less volatile
and therefore, may exhibit less of a potential for inhalation exposure to vapors during
manufacturing and processing of PCB epoxies and laminates. If exposure occurs, high
molecular weight molecules are less likely to be absorbed, therefore limiting potential for
adverse effects to be expressed.

7.1.5 Reactive Flame Retardants

Even if a chemical has negative human health and environmental attributes, concerns may be
mitigated if the chemical is permanently incorporated into a commercial product. In this case,
the potential for direct exposure to the chemical is greatly decreased or eliminated. Reactive
flame retardants are incorporated into the PCB epoxy and laminate during the early stages of
manufacturing, resulting in a loss of the chemical identity of the flame retardants. Additives are
mixed throughout the formulation but are not chemically bound. Therefore, additives have a
much higher potential to migrate, or leach, from the product into the environment under normal
conditions.

In the case of TBBPA, it is reacted into the epoxy resin to form a brominated epoxy before the
laminate production process begins. This brominated epoxy is the actual flame retardant that
provides the fire safety to the PCBs. Studies have shown that levels of free, unreacted TBBPA
in the brominated epoxy are extremely low. As referenced earlier in the report, one study by
Sellstrom and Jansson extracted and analyzed filings from a PCB containing a brominated epoxy
based on TBBPA. The study found that only 4 micrograms of TBBPA were unreacted for each
gram of TBBPA used to make the PCB (Sellstrom and Jansson, 1995).

7.2  Other Considerations

This section identifies performance and economic attributes that companies should consider
when formulating or selecting a flame retardant for use in PCBs. These attributes are critical to
the overall function and marketability of flame retardants and PCBs and should be considered
jointly with the human health and environmental attributes described above.

7.2.1 Flame Retardant Effectiveness and Reliability

The primary purpose of all flame retardants is to prevent and control fire. According to the
National Fire Protection Association, there were 1,602,000 fires reported in the United States in
2005, causing 3,675 civilian deaths, 17,925 civilian injuries, 87 firefighter deaths, and $10.7
billion in property damage (NFPA, 2007). Effective flame retardants are needed to further
reduce fire incidents and associated injuries, deaths, and property damage. The fire safety
requirements (e.g., a classification like UL 94 VO0) determine the necessary level of flame
retardant that needs to be added to a resin. Formulations are optimized for cost and performance,
so that it can be equally viable to use a low amount of an expensive, highly efficient flame
retardant or a higher amount of a less expensive, less efficient material.
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Reliability is another aspect to consider in choosing a flame retardant. PCBs are used for many
purposes, including telecommunications, business, consumer, and space applications. The
environmental stresses associated with each application may be different, and so an ideal flame
retardant should be reliable in a variety of situations. Resistance to hydrolysis and photolysis,
for example, can influence the long-term reliability of a chemical flame retardant. For some
applications, it may be necessary for the flame retardant to be resistant against acidic, alkali, and
oxidative substances. These chemically demanding requirements have a direct effect on the
persistence of flame retardants (see Section 7.1).

7.2.2 Epoxy/Laminate Properties

Small changes in a flame-retardant formulation can significantly affect the manufacturability and
performance of PCB epoxies and laminates. In choosing a flame retardant for use in a PCB, it is
important to consider how the flame retardant will affect key properties of the PCB epoxy and
laminate, including glass transition temperature (T), mechanics (e.g., warpage, fracture
toughness, flexural modulus), electrics, ion migration, water uptake (moisture diffusivity), resin-
glass or resin-copper interface, color, and odor.

Changes in these properties can affect the manufacturability and overall performance of the PCB.
The glass transition temperature, for example, is particularly important for manufacturing lead-
free PCBs. Due to the higher soldering temperatures required for lead-free PCBs, epoxy and
laminate glass transition temperatures must be high enough to prevent delamination of the PCB.
Mechanical properties can also alter the manufacturing process by impacting the ability to drill
through the laminate.

Changes in a flame-retardant formulation can also affect overall epoxy and laminate
performance. Increased moisture diffusivity, for example, can reduce the laminate and overall
PCB reliability. Changes to moisture diffusivity, as well as any other parameter that may affect
the electrical properties of the PCB should be considered. If the PCB cannot operate properly,
any benefits associated with less hazardous flame retardants are irrelevant. As referenced in
Section 2.2, iNEMI is currently conducting performance testing of commercially available
halogen-free materials to determine their electrical and mechanical properties.

7.2.3 Economic Viability

To ensure economic viability, flame retardants must be easy to process and cost-effective in
high-volume manufacturing conditions. Ideally the alternative should be compatible with
existing process equipment at PCB manufacturing facilities. If it is not, the plants will be forced
to modify their processes and potentially to purchase new equipment. The ideal alternative
would be a drop-in replacement that has similar physical and chemical properties such that
existing storage and transfer equipment as well as PCB production equipment can be used
without significant modifications.

The four steps in the FR-4 manufacturing process that typically differ between halogenated and

halogen-free materials are pressing, drilling, desmearing, and solder masking (Bergendahl,
2004). As a result, manufacturing and processing facilities may need to invest in new equipment
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in order to shift to alternatives FRs. In addition, daily operation costs may be different for the
new process steps required to manufacture PCBs with alternative FRs.

Flame-retardants that are either more expensive per pound or require more flame retardant per
unit area to meet the fire safety standards will increase the PCB’s raw material costs. In this
situation, a PCB manufacturer will attempt to pass the cost on to its customers (e.g., computer
manufacturers), who will subsequently pass the cost on to consumers. However, the price
premium significantly diminishes over the different stages of the value chain. For an alternative
laminate, the price may be up to 20 to 50 percent higher per square meter, but for the final
product (e.g., a personal computer), the price premium can be less than 1 percent.

7.2.4 Smelting Practices

Changes in flame-retardant formulation may also have implications for smelting processes.
Smelters have had to adapt their practices over time to respond to changing compositions and
types of electronic scrap as well as regulatory requirements (e.g., WEEE directive). As
discussed in Section 5.3.2, smelters process PCB materials through complex, high-temperature
reactions to recover precious and base metals (e.g., gold, silver, platinum, palladium and
selenium, copper, nickel, zinc, lead). Primary smelters in the world (e.g., Boliden, Umicore, and
Noranda) have learned how to operate with high loads of halogenated electronic scrap and
effectively control emissions of dioxins and furans, mercury, antimony, and other toxic
substances.

The consequences associated with the increased use of alternative flame retardants in FR-4 PCBs
from a smelting perspective are largely unknown, although combustion and pyrolysis testing
results described in chapter 6 may help elucidate possible impacts, and some predictions can be
made based on past and current practices. For example, the flame-retardant fillers silicon
dioxide and aluminum hydroxide are not expected to pose problems given that smelters routinely
process silicon dioxide and aluminum hydroxide because they are found in other feedstock.
Silicon dioxide is also beneficial in that it is used to flux the slag formed through the smelting
process. Aluminum oxide, derived from either metallic aluminum or from aluminum oxide or
hydroxide, can be tolerated in limited amounts. However, aluminum oxides are less effective
than brominated flame retardants, so a greater load of aluminum oxide is needed to achieve
similar flame retardancy. Whereas brominated flame retardants are typically found at 3 percent
of feedstock weight, aluminum hydroxide flame retardants can account for 15 percent of
feedstock weight (Lehner, 2008). Since the slag used in base metals metallurgy have a limited
solubility for Al,Os3, completely replacing brominated flame retardants with aluminum oxide
flame retardants would challenge the smelters’ recovery or energy balance. A substantial
increase in aluminum load would force smelters to use higher temperatures to overcome higher
liquid temperatures, or experience higher slag losses as a result of adding slag for dilution. The
added slag contains small, but measurable, contents of precious and base metals.

Phosphorus-based flame retardants are not expected to significantly change the composition of
the slag product or cause significant problems. However, formation of phosphine (PH3) from
phosphorus-based FRs, and acrolein, hydrogen cyanide, and PAH from nitrogen-based FRs, is
possible since most smelters operate under highly reducing conditions. Furthermore, little to no
information is available in the literature on the combustion byproducts of phosphorus-based
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flame retardants under normal combustion conditions or elevated temperatures approaching
those found in incinerators or smelters. As is standard practice, smelters will need to
continuously evaluate if and how changes in flame-retardant formulation, as well as the overall
composition of PCBs, will affect their operating procedures and health and safety practices.
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