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Abstract

A workshop on fire suppressant agent compatibility with people, materials and the
environment was held at the National Institute of Standards and Technology on
November 14 and 15, 1997, which was attended by approximately 40 representatives
from government, academia, and industry. The participants were asked to assess currently
used screening methods for each of the following properties of candidate fire
suppressants: environmental impact (including ozone depletion potential, global warming
potential, and atmospheric lifetime); materials compatibility (including long-term storage
stability, the interaction of the agent with metals, gaskets and lubricants, and the
compatibility of the agent and its combustion by-products with potentially exposed
weapons systems); and toxicity (including acute, genetic, subchronic, developmental, and
cardiac sensitization). For each property, the workshop participants compared currently
used measurement methods and identified the best method for future use in screening
candidates for the next generation of fire suppressants. Each of these "best current”
methods was evaluated and given one of the following designations: acceptable as is,
acceptable with modifications, or unacceptable. At the conclusion of the workshop, a
consensus screening method was advanced for each property.
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Introduction

Halon fire extinguishants, including CF;Br and CF,CIBr (halons 1301 and 1211,
respectively), were included in the list of halogenated chemicals identified in The
Montreal Protocol of 1987 as being deleterious to stratospheric ozone. An amendment to
the Protocol caused commercial production of halons to cease at the beginning of 1994,
A national effort is underway to find replacements.

The Next Generation Fire Suppression Technology Program (NGP) was organized
as part of this national effort to identify new, cost-effective technologies for fire
suppression in the highly space and weight-constrained environments of current weapons
systems. The objective of one of the key elements (3A) of this program is to develop
screening methods for the assessment of fire suppression effectiveness of agents
deployed in the diverse fire fighting scenarios that these weapons systems present. A
parallel effort was needed to identify screens for the other key indicators of agent
acceptability as well. This project (3B/2/8) was proposed in response to this need. The
objective is to document the best available methods for screening new fire suppressants
and their fire degradation products for toxicity, environmental impact, and materials
compatibility.

The first item of business was to review the existing protocols. In this pursuit, a
workshop on agent compatibility with people, materials and the environment was held at
the National Institute of Standards and Technology (NIST) on November 14 and 15,
1997. Approximately 40 representatives from government, academia, and industry
participated in the evaluation and revision of current test methods for application in
screening candidates for the next generation of fire suppressants. The names and
affiliations of the participants are listed in Table 1.

At the onset of the workshop, a distinction was made between screening and
evaluation/analysis tests. Screening tests are meant to provide guidance in the elimination
of unsuitable compounds from a long list of candidates, whereas evaluation/analysis tests
are performed as part of the risk assessment process that is required for all halon
replacement chemicals. The focus of the workshop was on the former.

With this in mind, the workshop participants were asked to assess currently used
screening methods for each of the following properties of candidate fire suppressants:

. environmental impact (including ozone depletion potential, global warming
potential, and atmospheric lifetime);
o materials compatibility (including long-term storage stability, the interaction of the

agent with metals, gaskets and lubricants, and the compatibility of the agent and
its combustion by-products with potentially exposed weapons systems); and



° toxicity (including acute, genetic, subchronic, developmental, and cardiac

sensitization).
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The workshop participants reviewed and compared currently used measurement
methods for each of these properties and selected the best ones for screening candidates
for the next generation of fire suppressants. Each of these “best available” methods was
evaluated and given one of the following designations: acceptable as is, acceptable with
modifications, or unacceptable. At the conclusion of the workshop, consensus methods
were advanced for screening next generation fire suppression candidates for
environmental impact, materials compatibility, and toxicity.

Background

Status of the Field Prior to the Workshop

The capability to evaluate the properties of candidate suppressants on a routine
basis must be in place in order to carry out an effective search for replacement chemicals.
Since a large number of candidates may be advanced, the methods used for screening
them must be fast, inexpensive, and require little, if any, chemical. In regards to the latter
issue, it should be noted that it is quite possible that many of the compounds that will be
advanced as candidates will never have been synthesized before. In addition, successful
candidates for the next generation of fire suppressants will have to possess a formidable
array of properties. Fortunately, much of the developmental work in this area has already
been performed as part of the ongoing search for alternatives to the full range of ozone-
depleting substances (1-4). Although these accomplishments would appear to comprise a
sound basis for screening candidates, they have not resulted in a set of generally accepted
procedures. Therefore, a primary objective of this report is to present consensus methods
that NGP researchers can use to obtain consistent and reliable results in screening
candidates for their compatibility with people, materials and the environment.

The following is a brief overview of the status of the field at the time that the
workshop was convened. This provides the context for the development of the consensus
methods, which are presented in the subsequent sections of the report.

Environmental Impact

The contribution of wvolatile halogenated chemicals to the depletion of
stratospheric ozone was the trigger for the latest search for alternative fire suppressants,
refrigerants, degreasers, and like chemicals. Thus, early in the process, methods were
developed to assess the ozone depletion potential (ODP) of new, halogenated species (4).
These methods have become part of the Environmental Protection Agency’s Significant
New Alternative Policy (SNAP) Program (5). The major accomplishments of this work
were:

) the identification of tropospheric removal processes for airborne chemicals;



o the deduction of reaction mechanisms and the measurement of rate constants and
photolytic cross sections which determine whether the chemical in question will
survive long enough to reach the stratosphere; and

. the further development of atmospheric models to characterize the transport of
chemicals to the stratosphere.

These accomplishments have already been incorporated in the existing set of protocols
for screening fire suppressants for environmental impact (1b).

It was soon realized, however, that there might be other environmental threats
associated with a chemical and that these would pose a severe problem in the case of
compounds with long atmospheric lifetimes (ALs). Global warming potential (GWP) was
the pre-eminent one of these. The evaluation of atmospheric persistence involved
techniques similar to those for ODP determination. Thus, the screening method remained
the same except that, for the case of GWP assessments, it was augmented to account for
absorption of radiation in the atmospheric window between 7 and 13 pm. This was
accomplished by including a procedure for the measurement of the infrared (IR)
absorption cross-section of the candidate over this frequency range. Again, these
concepts have been applied to fire suppressants (1c).

Materials Compatibility

A principal objective of the DoD Technology Development Plan for Alternatives
to Ozone-Depleting Substances for Weapons System Use (TDP) was to identify the
optimal available alternative to halon 1301 for each DoD platform. As part of this effort,
extensive work was performed to formalize laboratory methods to obtain performance
data on the chemicals under consideration.

It was recognized that, like halon 1301, future suppressants would be stored at
elevated pressures and variable temperatures for periods of time on the order of five years
or more. In this context, it is important that the stored agent not degrade to products that
might be less effective at fire suppression or be harmful to nearby personnel in the event
of a discharge. One should also know the potential for the chemical to degrade the
integrity of the storage container or any gasket and lubricant materials. Such an
interaction could lead to failure of the container, leakage of the agent, and loss of the
ability to suppress the fire. NIST developed test methods for these chemical/container
interactions for a wide range of candidate chemicals and container metals, gasket
materials, and lubricants as part of a DOD sponsored project (1-3,6). We anticipated that
this work would provide a sound and sufficient basis for screening next generation
candidates for their compatibility with materials and storage stability.

A second concern was the possible harmful interaction of a discharged suppressant
and its combustion by-products with ambient materials in the weapons platform.
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Methods have been developed and used for this evaluation as well (2,3,6). Those methods
and data were generally accepted as the basis for evaluating candidate suppressants and
selecting compatible storage container materials.

Toxicity

The safety associated with new fire suppression technologies is paramount. The
hazard of the fire threat should not be enhanced by using a “toxic” fire suppressant,
where toxic is related to the intrinsic properties of the agent and its combustion
byproducts as well as the exposure scenarios involved in its use. The EPA regulates halon
replacements in the United States under the SNAP Program (5). The EPA is responsible
for assuring that no halon replacement present an unacceptable risk to human health or
the environment. Although the EPA has no requirements on screening candidates, the
EPA does assess the hazards associated with halon replacement agents by performing a
risk characterization. As part of the risk characterization, information on the toxic
properties of chemical agents is compiled and combined with the exposure assessment
results to estimate risk.

The EPA requests toxicity data on a case-by-case basis for the risk
characterization. Because many of the current halon replacement agents have been
halogenated hydrocarbons, information related to acute toxicity, cardiac sensitization,
subchronic toxicity, developmental toxicity and genetic toxicity have been required. Inert
gas agents have had a different set of requirements such as concentration that produces
hypoxia. The EPA, however, does not state specific methods to use for these tests.
Ideally, the methods used to screen chemicals advanced as fire suppressants will address
the endpoints in which the EPA will use to regulate them.

The primary focus of the EPA SNAP program has been to assure the potential for
timely egress from the immediate environment generated by the discharge of a fire
suppressant. Laboratory methods for toxicity assessments have been developed based on
the following metrics:

e NOAEL, the highest concentration at which no adverse toxicological or physiological
effect has been observed, and

e LOAEL, the lowest concentration at which an adverse toxicological or physiological
effect has been observed.

These criteria are applied with reference to a specified exposure time to the chemical of
interest.



For halocarbon agents, cardiac sensitization occurs at lower concentrations than
many other toxic effects. Therefore, the focus of the EPA and other standard-setting
organizations, such as the National Fire Protection Association, has been on the potential
for cardiac sensitization. However, this toxic end point is specific only to certain
chemical types such as hydrocarbons and halocarbons. Acute exposures to other chemical
class, such as phosphorus-containing chemicals or other inorganic compounds, will focus
on other toxic endpoints specific to those particular chemicals. A knowledge of the
potential toxic endpoints associated with these chemicals will assist in the development
of appropriate screening procedures.

In addition to laboratory measurements, quantitative structure-activity
relationships (QSARSs) can also be used to predict the toxicity of chemicals. However,
because the predictive capabilities of QSARSs are based on the quality of the data used in
their development and an understanding of the mechanisms of toxicity, these techniques
can sometimes be unreliable and should not be the sole criterion for screening decisions.
The basic principles behind QSAR technology are well documented and can apply to any
class of chemical and any measurable end point (7). Several texts describe the basics of
QSAR techniques (8), but briefly, QSARs involve taking a sufficiently large, consistent
data set and correlating it with known descriptors of the chemicals within the data set.
The correlation techniques are principally multivariate regression and discriminant
analysis for weighting descriptors (9). This leads to a mathematical expression, whereby
endpoint data can be predicted for chemicals with known descriptors. For example, one
can use a data set of lethal concentration values (for example, LCsys) for halogenated
hydrocarbons and correlate these values with certain physico-chemical descriptors such
as numbers or type of halogens, vapor pressures, and/or octanol-water partition
coefficients. The resulting mathematical equation would allow one to calculate the lethal
concentration for a new halogenated hydrocarbon knowing only the physico-chemical
descriptors for that particular chemical. Several of these approaches are currently being
employed in the search for clean fire suppressants (10, 11).

Recently, a compendium of selected current toxicity screening methods was
compiled for the US Air Force streaming agent program (12). Although the emphasis of
this report was on substitutes for halon 1211, the screening tests could easily apply to
general fire suppression candidate down selection. The screening methods addressed in
this report focused on acute toxicity/lethality, hepatotoxicty, teratogenicity,
cardiotoxicity, and mutagenicity.

Summary of Workshop Presentations and Discussions

Presentations were made on screening methods for the evaluation of
environmental impact, materials compatibility, and toxicity. For each property, the
workshop participants compared currently used measurement methods and identified the
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best method for future use in screening candidates for the next generation of fire
suppressants. Each of these "best current” methods was evaluated and given one the
following designations: acceptable as is, acceptable with modifications, or unacceptable.
All of the methods reviewed in this section were found to be acceptable with
modifications. In those cases where modifications were deemed necessary, specific
suggestions for removing the deficiencies were advanced. The following is a summary of
the presentations and a review of the issues raised by the workshop participants. The
equipment, procedures and results are illustrated using representative slides taken from
the presentations.

Environmental Impact

Presentations on screening methods for assessing the environmental impact of
candidate fire suppression agents were made by Dr. John Daniel (NOAA), Dr. Robert
Huie (NIST) and Dr. Robert Tapscott (NMERI). John Daniel provided a general
overview of the problem including working definitions of atmospheric lifetime, ozone
depletion potential, and global warming potential. These definitions may also be found in
references 1b and 1c. He went on to describe the atmospheric models used to estimate
these properties and pointed out some of the limitations of using them as indicators of
environmental impact. The major points are summarized in the concluding slide from his
presentation, which is reproduced as a text box (to the right of the graphic) in Figure 2.

Bob Huie reviewed laboratory measurement techniques that provide the kinetic
and spectroscopic data that are the basis of the models. The flash photolysis resonance
fluorescence (FPRF) technique was advanced as a powerful tool for screening next
generation suppressants. The major limitation of this approach, which is a characteristic
of all kinetic measurements, is that the presence of even trace amounts of a reactive
impurity will invalidate the results. The instrumentation for performing FPRF
measurements is illustrated in schematic form in Figure 3.

Bob Tapscott presented a summary of the primary atmospheric removal
mechanisms for the specific classes of compounds (based on the nature of their chemical
constituents) that comprise some of the most promising replacement candidates (Table 2)
and outlined a comprehensive protocol for screening these compounds for their
environmental impact.

The workshop participants raised the following important issues:
. A further understanding of the tropospheric removal mechanisms and stratospheric

chemistry of non-halogenated alternative agents (i.e., reactions involving these
compounds that might lead to destruction of stratospheric ozone) is needed in



order to make ODP, GWP and AL assessments on next generation fire
suppressants.

The impact of the agent on ground water, soil and wildlife needs to be taken into
consideration.

The volatility of the agent may be an important factor in determining the
environmental impact of next generation suppressants.



Figure 2. Summary of John Daniel’s Presentation
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Conclusions
I. For long-lived trace gases, ODPs and direct GWPs
are accurate and effective indices for estimating likely
relative impacts on stratospheric ozone and global
climate, respectively.
II. Indirect radiative forcing mechanisms are important
is some situations and are generally characterized by
higher levels of uncertainty than are direct forcing
estimates.
II1. Short-lived trace gases are more difficult to quantify
using ODPs and GWPs; this remains an active topic of

scientific research.

IV. ODPs and GWPs are given by simple expressions
which cannot account for all atmospheric processes
important to ozone depletion and climate forcing; care
must be taken in relating these indices directly to ozone
depletion and climate change.




Figure 3. Diagram of Flash Photolysis/Resonance Fluorescence Apparatus from Bob Huie’s Presentation
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Table 2. Primary Atmospheric Removal Mechanisms for Chemical Families from Bob
Tapscott’s Presentation

Primary Removal Mechanism Example Families

Reaction with Hydroxyl Hydrogen-Containing Compounds, Alkenes,
Aromatics

Photolysis Iodides, Carbonyls, Bromides

Physical Removal Ketones, Alcohols, Esters

Reaction with Tropospheric Ozone Alkenes

Thermal Decomposition Reactive Molecules (e.g., Epoxides,
Peroxides)

Hydrolysis Compounds with Direct Silicon to Halogen

Bonds, Carbonyl Halides

Materials Compatibility

Presentations on screening for materials compatibility were made by Mr. Richard
Harris (NIST), Dr. William Waldron (Baker College), and Dr. Richard Ricker (NIST).
The procedures, which are based on standard ASTM test methods, are described in detail
in references 1-3,6.

Dick Harris presented an overview of a screening method for assessing agent
stability under long-term storage. The protocol consists of storing the agent in a cylinder
containing coupons of the metals to be tested at an elevated temperature (as high as 150
°C in some experiments) for a period of time ranging from several weeks to a year. An
elevated temperature is used to accelerate the aging process and, thereby, to simulate the
effects of long-term storage in, what would otherwise be, an artificially short period of
time. Samples from the headspace of the cylinder are extracted at scheduled intervals to
monitor changes in the mid-infrared spectrum of the agent during the course of the test.
Storage stability is assessed on the basis of observed changes in the spectra and by visual
inspection of the coupons, which are removed from the cylinders at the conclusion of the
test. The screening method was demonstrated using the results obtained with two
candidate suppressants, FC-218 (CF;CF,CF;3, perfluoropropane) and CF;l. A comparison
of the spectrum of CF;l, measured before and after the accelerated aging, showed clear
signs of degradation (Figure 4), whereas the spectrum of the fluorocarbon was unaffected
by the simulated aging process.
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The next speaker was Bill Waldron, who summarized a series of screening
methods for agent compatibility with polymeric materials. In these tests, selected
polymers are exposed to an atmosphere containing the candidate suppressant in a
pressurized vessel. The results obtained in the process of screening candidate
suppressants for compatibility with greases, lubricants, and elastomers were presented.
The first method described by Dr. Waldron was a swelling test, which is based on the
extent to which the agent is absorbed by the polymer. The performance of representative
elastomers (Table 3) exposed to a series of hydrofluorocarbon agents is presented in
Table 4. The underlying assumption is that the performance of the material will degrade
in direct proportion to the amount of agent it absorbs. The uptake of the agent by the
polymer is determined by measuring the deflection of a quartz spring secured to a pan
that supports a sample of the material (Figure 5). Three test methods, which were
designed to provide a more direct measure of the effect of agent exposure on the
mechanical durability of the materials, were also described. These tests involved making
measurements of the compression set, tensile strength, and viscosity of polymer samples
exposed to known concentrations of the agents for predetermined periods of time at a
series of temperatures. In the compression set tests, the thickness of a compressed
polymer sample is measured and the compatibility of the material with the agent is
expressed in terms of the percentage of the deflection retained after release from
compression. In the tensile tests, samples of the materials are stretched until they rupture.
The compatibility is judged by the extent to which exposure to the agent decreases the
maximum elongation length. In the viscosity tests, the rheological properties of a series
of lubricants are measured after high temperature (150 C) exposures to the candidate
suppressants. Although the original data obtained by Waldron and co-workers (2d) did
not show a systematic variation with exposure time, a qualitative assessment of
compatibility was formulated based on the appearance (or absence) of a powder-like
phase after exposure to the agent for a specified period of time.

Rick Ricker (NIST) presented an overview of screening methods for the
assessment of agent compatibility with metals. He began by describing the effects of
corrosion on metals. The modes of failure, which are of the most concern with respect to
the storage, distribution, and deployment of fire suppressant agents in aircraft and other
weapons systems, were identified. These are: uniform corrosion (also known as general
corrosion), pitting corrosion, intergranular corrosion, dealloying corrosion, crevice
corrosion, and stress corrosion cracking (also referred to as environmentally induced
fracture). The test methods were evaluated using coupons made from 5 common metal
alloys. An immersion test, conducted by exposing the coupons to a pressurized
atmosphere containing the candidate suppressant (gas phase), was recommended for the
assessment of all of the listed modes of failure except for stress corrosion cracking. The
deterioration of the sample is judged on the basis of weight-loss measurements and by
visual inspection of the coupons. The susceptibility to crevice corrosion, which is
characterized by a localized reaction at an occluded region, was determined by
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substituting a u-bend coupon for the flat coupon used in the other determinations. A slow
strain rate tensile test, conducted by applying a load along the cylindrical axis of a
threaded coupon was recommended for the evaluation of stress corrosion cracking in
metals exposed to candidate suppressants. The test chamber and coupon are displayed in
Figure 6.

Table 3. Elastomers and Lubricants Used in the Polymer Swelling Evaluation
Tests from Bill Waldron’s Presentation.”

Material Vendor Designation

Silicone Colonial Si
Rubber

55 % Butadiene - 45% Acrylonitrile Goodyear N206

Fluorosilicone Colonial FSi
Rubber

Viton E-60 Fluorocarbon Du Pont FKM

Neoprene Colonial CR
Rubber

85% Butadiene - 15% Acrylonitrile Goodyear N926

Krytox 240AC Fluorinated Grease Du Pont 240AC

Braycote 600 Perfluoropolyether Castrol 600

Grease

Braycote 807 Aircraft Grease Castrol 807

There was a consensus that the uniform and stress corrosion tests were the most
revealing of the laboratory protocols that were reviewed for assessing agent compatibility
with metals. A number of participants suggested that the durability protocols (i.e.,
compression set, tensile, and viscosity tests) described by Waldron for assessing agent
compatibility with plastics might be replaced by a performance related test such as a
cylinder leak test. There was no criticism of the polymer swelling test, which appears to
be adequate for the purpose of assessing the compatibility of gasket materials with the

* Certain commercial equipment, instruments, materials, services or companies are identified in this report in order to specify adequately
the experimental procedure. This in no way implies endorsement or recommendation by NIST.
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agent.

Table 4. Results of the Polymer Swelling Measurements from Bill Waldron’s
Presentation. The labels refer to the compatibility of the lubricants and crosslinked
elastomers with respect to the specified fluorocarbon agents at 35 C.

The workshop participants noted several deficiencies in the test method for storage

Agent 240AC 600 807 Si N206 FSi FKM CR N926
HFC-236fa good® good good fair fair bad¢ bad bad bad
HFC-32/125 good' good good! fair good’ good good good good!
HFC-227ea faire fair fair fair good’ fair fair goods bad
HCFC-22 fair good fair fair bad fair fair good bad
HFC-134a good fair good fair good fair good good' good
FC-11¢ fair fair fair good: good’ good good good' good'
HCFC-124 goodf good! good bad" fair’ fairf fairf fairt fairf
HFC-125 fair good good good good good fair good good
FC-218 good’ good good good good good good good good
FC-31-10 fair bad bad fair fair good fair good fair
FC-318 fair fair fair good good good* good good fair
x>12
W09 <x<l2
x<0.9

‘measured at 5 °C

12.5<CV<20%and 0.64 <y < 1.5

'CV>20%

stability, but concluded that it would be acceptable if some modifications were
introduced. In particular, it was noted that the existing method did not attempt to simulate
abrupt fluctuations in temperature and pressure (cycling) that agents used in aircraft
suppression systems would be subjected to during take-off and landing. Furthermore, it
was observed that the practice of sampling the headspace, rather than the condensed
phase of the cylinder contents, would preclude detection of nonvolatile degradation

products.
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Figure 5. Diagram of Polymer Swelling Apparatus Tests from Bill Waldron’s
Presentation
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Figure 6. Test Chamber and Coupon for the Slow-Strain Rate Tensile Test
Apparatus from Rick Ricker’s Presentation
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Toxicity

Ms. Stephanie Skaggs (Universal Technical Services, Inc.) made the first
presentation in the section on screening for toxic potential of chemicals. She provided a
historical perspective of halon toxicity testing, the more recent halon replacement testing
requirements, and the future methodologies for assessing agent compatibility with people
(Figure 7). Dr. David Mattie (Air Force Research Laboratory-Toxic Hazard Division)
presented an overview of the tiered risk assessment process as well as a summary of
toxicological tests (Figure 7). The point was made that even though a summary of
toxicological tests was presented, this was not an indication that it was a checklist to be
used in a "cookbook" fashion. Expert judgment is needed to interpret the results of each
test and decide what, if any, additional testing is necessary to evaluate the health effects
of new agents. Even though a distinction was made between screening tests, which are
meant to assist in the down selection process, and evaluation and analysis tests, which are
meant to fully assess the toxic potential of chemicals and to provide input into the risk
assessment process, the same toxic endpoints that are assessed in the evaluation and
analysis phases of research can be screened during the down selection process. Therefore,
although the presentations showed a variety of toxicity tests that were available for
testing, the focus of the workshop was on procedures that could be used as screening tests
for the same or similar endpoints as would be addressed in the toxicity evaluation.

All workshop participants had a strong sense that as much up-front, theoretical
work should be done as possible prior to undertaking any experimental screening tests.
This "pen & paper" approach should include performing literature searches for physical
properties, prior toxicity evaluations, and regulatory controls. Subsequent predictions of
activity can then be based on chemical group determination and structure analogies.

Quantitative structure activity relationships (QSARs), where possible, were seen
as an interim step between the "pen & paper" phase of evaluation and the experimental
screening steps. The QSAR methodology is well documented and the principles behind
applying specific QSAR models pertain to all chemical classes (7,8). In principle, QSARs
can be developed for nearly any property, measurable endpoint, or effect as long as a
sufficiently large data set of known parameters exists for the chemical family to which
the compound of interest belongs. One of the objectives of the literature search is to
determine the extent and range of applicability of the data on structurally related
compounds.

The workshop participants concluded that although the methodology for
performing QSARs is adequate, not all of the data needed to perform QSAR analyses on
the chemical classes that are, or will be, investigated as new fire suppressants is available.
The distinction was made between developing the screening method itself, ie., a
technical approach, and applying the already developed method to specific data sets. The
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former has been done, whereas the latter may still need to be performed for specific
chemical sets. This can be thought of as analogous to calculating ozone depletion
potential where the method for calculating such values is known, but the data used in the
actual calculations may not be compiled or measured.

The experimental screening methods that were identified for evaluating
compatibility with people included: limit tests, which generally study non-specific
toxicological endpoints or effects, and in vitro methods, which can be designed to
investigate specific effects. The methodology for performing a limit test is available and
adequate (13). However, the exposure duration and concentration aspects of the limit test
protocol may need to be tailored specifically to address issues related to fire fighting
agents. A traditional limit test involves exposing rats to a single dose of chemical and
determining whether this dose is lethal.

The workshop participants concluded that a number of in vitro or "test tube"
methods also existed to evaluate certain toxicological effects of chemicals. In vitro tests
are distinct from the limit test because the limit test addresses a general, non-specific and
whole-body effect, whereas in vitro tests are quite specific to the cells or tissue and the
toxicological effect being studied. For example, in vitro methods exist for determining
the mutagenic potential of chemicals (14-16), the ability to inhibit cholinesterase activity
in nerve cells (18), the arrythmogenic potential of chemicals in cultured myocardial cells
(19, 20), to name a few. Although in vitro methods may not exist for all the endpoints of
interest in the development of new fire suppression technologies, the participants
addressed the cost (and time) benefit issues surrounding development of new screening
methods. The workshop participants concurred that the time, effort, and funds needed to
develop and validate new in vitro screening methods were beyond the scope of the NGP
program.

In summary, the workshop participants agreed that a tiered approach to people-
compatibility issues, which takes into account the risk of exposure in specific scenarios as
well as the inherent toxicological properties of the materials, is needed. This is being
addressed in a complementary NGP project conducted by Mantech Environmental
Technologies (Dayton, OH). Screening methods currently exist to aid in the down-
selection of a large number of chemicals to a fewer number of candidates. Once the
current state of knowledge is investigated for a particular chemical or a general chemical
class, QSARs, which are a non-experimental approach to down-selection, may be
applied. Limit tests and in vitro methods are experimental approaches. Limit test
protocols can be adapted to study particular aspects of chemicals in question. A number
of in vitro tests currently exist to evaluate specific effects of chemicals on cell or tissue
preparations. However, the available in vitro tests are not sufficient to screen all aspects
of chemical toxicity effects. Nonetheless, the costs, in terms of time and money, make
developing new methods beyond the scope of the NGP.

21



Figure 7. Toxicity issues pertaining to next generation fire suppression candidates

adapted from Stephanie Skaggs presentation.
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Figure 8. Overview of the Tiered Risk Assessment Process adapted from Dr.
Dave Mattie's Presentation
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Consensus Screening Methods

Procedures

At the onset of the discussions, some of the participants expressed the opinion that
screening of next generation candidates, which are expected to represent a wide range of
compounds with diverse physical, chemical, and toxicological properties, could not be
performed in "cookbook fashion" from a checklist of predetermined procedures. The
predominant view was that such an approach would constitute a severe oversimplification
of the inherent difficulties and uncertainties involved in making performance appraisals,
especially with regards to toxicity, on new, and in many cases, unfamiliar compounds. A
consensus was reached only after the workshop moderators reminded the participants of
the distinction between screening tests and evaluation/analysis tests. This distinction has
been emphasized throughout this report and has provided the framework for the strategy
to candidate screening.

The consensus screens were developed by revising the methods, which were
identified as being the best available by the workshop participants, to account for
problems that might be encountered in applying them to next generation candidates. Each
of these methods consists of a series of property predictions and/or evaluations to be
performed in a prescribed order. Further documentation is provided in the accompanying
references.

Environmental Impact

The consensus screen for environmental impact is illustrated as a decision tree in
Figure 8. Further revisions may be made as the results of another NGP project (4B/3/8),
which is investigating the environmental consequences of some of the more promising
next generation candidates, become available. In the judgement of the majority of the
workshop participants, the most efficient implementation strategy for screening
candidates is a hierarchical approach incorporating the following elements:

e A literature search, to be performed in conjunction with the toxicity screen, for
properties, such as boiling point and solubility, which are relevant to the task of
assessing the likely impact of the candidate on the atmosphere, water, soil and
wildlife;

e structure-activity based predictions of the reactivity of the candidate in the
troposphere and in ground waters, which determine its atmospheric lifetime;
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e laboratory measurements of rate constants and absorption cross-sections; and

e detailed atmospheric modeling, when more reliable estimates of the atmospheric
lifetime, ODP, and GWP of the candidate are required.

What follows is an expanded summary of the decision points that comprise the
screening protocol. Documentation for the techniques used in the property evaluations
may be found in the references included in the description of each method.

The first step in assessing the likely environmental impact of the candidate
suppressant is to conduct a literature search for its chemical, physical, and toxicological
properties. The existing applications of the compound and any regulations restricting its
use should be noted at this time, since they might reveal relevant properties. The boiling
point is of particular interest, since it will determine if it is necessary to perform a more
detailed study of the atmospheric reactivity of the candidate. Compounds with high
boiling points (greater than ~ 100 ‘C) would be expected to have a more significant
impact on water, soil, and wildlife than on the atmosphere and should be screened
accordingly.

Environmental impact assessments of low volatility candidates should be based on
their octanol-water partition coefficients (P), which can be measured by liquid
chromatography (21). Information about hydrolysis rate constants and other degradation
pathways, including complexation with transition metal ions (and subsequent photo-
degradation), and substitution reactions (e.g., with chloride ions) may also have to be
considered for compounds which are sufficiently lipophilic (P > P)) to penetrate cell
membranes but not so much so ( P < P,) that they become dissolved in the fat layer
without reaching their biological targets (22). Laboratory methods for assessing the
relative importance of these removal mechanisms for specific classes of compounds are
currently under investigation in another NGP sponsored research project (4B/3/8).

The EPA has developed a number of QSARs useful in estimating the toxicity to
aquatic organisms based on octanol-water partition coefficients (23). The QSARs can be
applied to neutral organics with or without reactive and ionizable units or surface-active
functionalities. One example is ECOSAR (Ecological Structure Activity Relationships),
which is a computer program for estimating the toxicity of chemicals used in industry and
discharged into water (24). This program makes use of structure activity relationships in
estimating the acute (short-term) and, when available, the chronic (long-term or delayed)
toxicity of industrial chemicals to aquatic organisms such as fish, invertebrates, and
algae. ECOSAR can be downloaded from the EPA's website at the following url:
(http://www.epa.gov/opptintr/cbep/actlocal/21ecosar.htm).
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MED-Duluth tested a series of industrial organic compounds using the fathead
minnow for the purpose of developing an expert system to predict the acute mode of
toxic action from chemical structure. The results were also used to develop quantitative
structure-activity relationships based on the acute mode of action. The expert system and
QSARs are components of the ASTER system. The entire fathead minnow database and
results related to the acute mode of action are presented in reference 25. This data file
includes information on the test chemical, Chemical Abstract Services Registry number,
the SMILES string, results of 617 acute LCsy values and 225 associated behavioral
assessments, 72 joint toxic action experiments with the fathead minnow, and
physiological response of rainbow trout (also called Fish Acute Toxicity Studies (FATS))
for 17 compounds. A copy of the database is available for distribution from Chris
Russom (T: 218-529-5218 or E-mail: russom.chris@epa.gov).

In the case of volatile compounds, the focus of the screen should be on their
reactivity in the atmosphere. The atmospheric lifetimes of all vapor phase candidates
should be estimated. This can be accomplished either by using structure-activity
relationships or by direct laboratory measurements, depending on the required level of
accuracy. A minimum criterion for the down selection of a candidate, is that it have an
atmospheric lifetime less than HFC-125, which is on the order of 30 years (26). This
criterion is based on the fact that this compound has gained acceptance for use aboard
some military aircraft even though it is generally recognized that is a factor of 2 to 3 less
efficient in suppressing fires than halon 1301. The most significant tropospheric removal
mechanism for compounds with C-H bonds is usually hydrogen abstraction by hydroxyl
(OH) radical. However, hydrolysis and reactions with other atmospheric oxidants,
particularly ozone (27), may also be important. Information on the UV-VIS absorption
cross-sections of the candidate and related compounds should also be sought in order to
establish the importance of photolysis as a mechanism for atmospheric removal. The IR
absorption cross-section in the atmospheric window, which extends from about 7um to 13
um, may also be needed in order to estimate the GWP of the candidate (1c).

Rate constants for the reaction with OH and the corresponding atmospheric
lifetimes (toy) can be estimated for a wide range of compounds, including halocarbons,
by QSARs based on group additivity. This approach is described in detail in Appendix B
of references 1b and 1c. If, on the other hand, the candidate is a member of a chemical
group for which information on OH reactivity is not available, its atmospheric lifetime
can be estimated using the method described in reference 28. Methods for calculating the
C-H bond dissociation energies, which are the required input data, are described in
references 2a and 29. Finally, in cases where more reliable data are required, a direct
measurement of the rate of reaction with OH can be made using the flash
photolysis/resonance fluorescence technique, which is summarized in references 1b and
lc.
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The lifetime due to photolysis (tyn,) should be estimated for those compounds
that are not effectively removed from the troposphere by reaction with OH radical.
Fortunately, there exists an ample body of data indicating that the magnitude of the
absorption cross-section for visible radiation can be correlated with the number, position,
and type of halogen atoms in the molecule (1b,1c). This, along with similar observations
made with respect to the presence of other chromophores (30), provides the basis for the
development of QSARs for the atmospheric lifetimes of compounds that undergo
photolytic decomposition in the troposphere. Spectroscopic measurements of the UV/VIS
absorption cross-sections, as described in Appendix B of references 1b and 1c, can be
made to obtain more reliable estimates of the lifetimes of photo-reactive candidates.

Rate constants and the corresponding lifetimes (tgy0) for the hydrolysis of a wide
range of organic compounds are tabulated in reference 31. These data provide a basis for
the development of structure-activity relationships for the estimation of ty,o in candidate
suppressants. The experimental procedures for making these measurements, which might
be useful in the formulation of a laboratory screen for hydrolytic activity, are also
delineated in the references included in this comprehensive review.

Reaction with tropospheric ozone may be important for candidates which have one
or more double bonds. In fact this reaction, which is known as ozonolysis, was routinely
used in the characterization of alkenes (i.e., in verifying the existence and determining the
locations of double bonds) before the advent of modern instrumental methods (32). Since
the reaction is very specific (i.e., Oz reacts slowly with alkynes and immeasurably with
alkanes), this mode of removal can be ignored unless the candidate is an alkene (27), in
which case it is likely that the reactivity with OH will also be high.

Other removal processes, including physical removal (i.e., rainout, aerosol
scavenging and solvation), may have to be taken into consideration. In some special
cases, removal by 'Z O, in the troposphere and/or by 'D O in the stratosphere may also
have to be considered for candidates that are not effectively removed by the mechanisms
delineated in the previous paragraphs. Methods for estimating lifetimes due to physical
processes are discussed in reference 27.

The GWP of a compound depends on its atmospheric lifetime and on its ability to
absorb radiation in the atmospheric window extending from about 7um to 13um.
Compounds which are weak absorbers in this spectral region do not contribute
significantly to global warming. Again, HFC-125 provides a benchmark value for the
maximum, acceptable GWP. This value, which is reported as 0.58 in reference 33, should
be used only in deciding whether to pursue further research on candidates and not for
regulatory purposes. A qualitative assessment of GWP may be made on the basis of
characteristic group frequencies, which are tabulated in standard texts (see for example
reference 34). A more rigorous screen, which makes use of information on both the
atmospheric lifetime and infrared absorption of the compound, is detailed in reference 1c.
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Atmospheric modeling, using measured rate constants and absorption cross-sections, can
be performed when more reliable estimates of GWP are required.

The ODP of a compound depends on its atmospheric lifetime and on the number
and kinds of atoms that it contains. Halogen atoms, in particular, are known to undergo
catalytic cycles that deplete stratospheric ozone; with Br and I being the most efficient
and F having essentially no catalytic activity. Candidate ODPs can be estimated on the
basis of QSARs as described in reference 28 for the case of hydrochlorofluorocarbons. A
screen based on the atmospheric lifetime and the presence of halogen atoms is detailed in
reference 1b. The question of whether atoms other than Cl, Br and I can play a significant
role in ozone depletion is currently under investigation in another NGP project (4B/3/8).
For the time being, investigators should be wary of any candidate containing halogens
with a lifetime exceeding 1 year (even the presence of fluorine, which does not play a
role in the depletion of stratospheric ozone, may be sufficient to exclude the candidate
because C-F bonds are strongly absorbing in the atmospheric window, so that compounds
containing fluorine atoms usually have high GWP’s). Atmospheric modeling using
measured rate constants and absorption cross-sections is recommended for otherwise
promising candidates that contain halogen atoms.

Materials Compatibility

It was clear to the workshop participants that the results of applying materials
compatibility measurements on a wide range of metals and plastics indicated that it
should almost always be possible to find suitable materials for storage of specific agents
even though not all materials will be appropriate for all agents. On the basis of this
observation, we have concluded that there is no need to screen every candidate for its
compatibility with metals and elastomers. Instead, we recommend performing materials
compatibility screening only when there is reason to suspect, either on the basis of the
results of the literature search and/or structure-activity analogies, that the instability
and/or reactivity of a candidate may be severe enough to preclude its eventual use as a
fire suppressant. The consensus screening method is summarized as a decision tree in
Figure 9.

The first step in the screening process is to conduct a literature search for the
chemical and physical properties of the agent. The ambient state of the agent is an
important factor in determining its potential for interaction with both metals and
polymers. Thus, all other things being equal, a liquid would be expected to have a greater
impact on the properties of materials than would a gaseous or solid agent. Likewise, the
potential for instability increases if the agent can hydrolyze into more reactive products,
such as HF or HC], or even if it is water soluble.
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If the literature search indicates a potential for instability, then a more detailed
appraisal is warranted. This process is initiated by classifying the candidate according to
its important chemical and structural features, which will facilitate the identification of
probable reaction paths and provide a basis for structure-activity based predictions of its
storage stability. The compatibility of the agent with polymers and metals, both of which
are used in the storage environment, is of interest. QSARs for the permeability of
polymers with respect to small molecules are described by Bicerano in reference 35. This
methodology can be used, in conjunction with the data obtained for the interactions
between halocarbon suppressants and a wide range of polymers reported in references 2d
and 6b, to make predictions of materials compatibility with next generation fire
suppressant candidates. Although we have not specifically considered any structure-
activity relationships for the prediction of corrosivity, it makes sense to recommend that
the potential for corrosive interactions between the agent (as determined by the chemical
properties of its functional groups) and various metals and metal ions should be
examined. It is important to note in this context, that the ability of some materials to
withstand the effects of corrosion derives from the nature of their degradation products,
rather than from their intrinsic stability. This is the case with stainless steel, which in the
presence of water, forms an insoluble film that protects the underlying metal from further
corrosion [36]. Thus, the propensity of the metal/alloy to form insoluble complexes in the
storage environment, which can pacify the surface and thereby inhibit attack by the agent,
should be explored up front. Having determined the importance of this effect, the
investigator should then perform an assessment of relative thermodynamic stability, as
indicated by free energy or electrochemical differences between the agent and the
metal/alloy.

Finally, the accelerated aging protocol summarized in the previous section of this
report can be employed in cases where a more reliable appraisal of the potential for
catastrophic failure during storage is required. Indeed, if the primary objective is to
determine whether the candidate can even be stored, then the amount of time required for
aging can be reduced to a couple of days, as opposed to the many months which was
needed to ascertain the storage stability of CF;l. This time frame is more consistent with
what is expected of a screen. The procedure described by Harris should, however, be
modified to simulate temperature and pressure cycling in order to account for the effects
of phase transitions (i.e., condensation and evaporation) that would be expected to occur
during aircraft take-off and landing. This can be accomplished by periodic heating and
cooling of at least one cylinder containing the candidate. The deviations from the mean
testing temperature should be determined on the basis of expected pressure variations.
The procedure should also be augmented to include an analysis for condensed phase
degradation products by IR and/or GC/MS techniques. This analysis can be conveniently
performed in conjunction with visual inspection of the material samples at the conclusion
of the storage period. We also recommend using smaller cylinders, which would reduce
storage requirements during testing.
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Although the participants agreed that the further development of a routine screen
for the down selection of candidates on the basis of their compatibility with storage
materials would not be necessary, they did recognize that there would still be a need to
screen candidates for their potential to cause catastrophic damage to platform
construction materials. One of the participants suggested the possibility that existing
ASTM test methods might be adequate for this purpose. In fact, there is an ASTM
procedure for assessing the effects of solvents on titanium (37), which can be used for
this purpose. The environmentally induced failure screen outlined by Ricker, however, is
better suited for gauging the interactions of agents with metals and alloys other than
titanium and should be performed whenever the literature search and/or QSAR analysis
indicates that the weapons platform may be damaged by exposure to the agent. The
criteria for environmentally induced fracture are based on measurements of ultimate
tensile strength (UTS) and ductility, as indicated by measurements of engineering strain
to failure (STF) and reduced cross-sectional area (RA), in the slow-strain-rate (SSR)
tensile test. A statistical approach to ranking candidate fire suppressants with respect to
their propensity to stress-corrosion cracking is presented in reference 38.

The likelihood of damage due to exposure to the combustion by-products of the
agent, which would only be produced when the agent is deployed to extinguish a fire, can
be predicted on the basis of structure-activity relationships. Thus, compounds containing
halogen atoms or other reactive moieties might be expected to generate corrosive by-
products when exposed to the high temperatures and oxidative environments that prevail
in the environment of a fire. The relative rankings with respect to their steady state HF
production rates (2a) provides a point of departure for a more quantitative assessment of
the potential in the case of halocarbons. A post deployment screen for corrosion damage
to aluminum and other aircraft alloys, which was developed by Stoudt ez. al (6a), may be
performed in cases where the results of the QSAR analysis are inconclusive.

The polymer swelling and general corrosion tests described by Waldron and
Ricker may be useful in identifying optimal storage materials for the most promising
candidates. When used in this context, they would be performed only at the conclusion of
the selection process and, therefore, should not be considered as part of the agent
screening processing. Nevertheless, these procedures may still be of considerable value to
the NGP program. The assessment of compatibility using the polymer swelling protocol
is made on the basis of the value of the Flory-Huggins polymer-solvent interaction
parameter, ¥ (reference 39,40). Small values (y < 0.5) correspond to complete miscibility
of the agent in the polymer at all concentrations. Large values () > 1.2) suggest limited
solubility and, as a consequence, good compatibility. A value of 0.9 was considered to be
a lower bound to acceptable compatibility based on empirical observations. The effects of
general corrosion can be evaluated on the basis of the observed weight-loss (WL)
measurements. Thus, a metal should be rejected if its rate of weight loss, as determined in
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the test method, indicates that components made from it might fail within the expected 5
year service period for the distribution system.

Toxicity

Although the selection of chemicals with low toxicity is of paramount importance,
toxicological testing can be extremely expensive. Consequently, an emphasis should be
placed on reliable theoretical screening methods that can be performed prior to any
laboratory measurements. It should be stressed, however, that even the most rigorous,
non-experimental screening does not obviate the need to perform laboratory
measurements when accurate determinations of toxic potential are required. The "pen &
paper" screening approach should include an extensive literature search for physical
properties, prior toxicity and epidemiology evaluations, and regulatory controls. This
aspect of the screening process should be performed in conjunction with environmental
impact assessments. An up-front literature search will alert the investigator to relevant
properties of the chemical under consideration and will facilitate the process of
identifying the endpoints for the toxicity screens and, eventually, for the full toxicity
evaluations. An adequate knowledge of the relevant toxicity endpoints will enable the
researcher to make intelligent initial predictions of activity based on chemical group and
structure analogies (41-43), which can save time and money in the long term. Relatively
low cost experimental efforts can also be helpful in the identification of delayed safety
showstoppers. A decision tree for screening chemicals based on toxicity, which
encompasses the concepts from the following discussion, is presented in Figure 11.

° Literature Search:

The first step in assessing the toxic properties of candidate fire suppressants is to
search the literature to determine what, if anything, is already known about the properties
of related compounds. A useful starting place is a compendium of health and safety or
toxicological data on chemicals such as Sax’s Dangerous Properties of Industrial
Materials (44). In screening for toxicity, as is also the case in environmental screening, it
is important to appreciate the physical and chemical properties of the candidate because
they are reliable indicators of how it will behave on and/or inside the body. This
understanding can provide clues to the most important toxic endpoints. Thus, for
example, if the chemical under investigation is a liquid at ambient conditions and has a
pH of 2.5, the researcher should consider the possibility of skin and eye irritation.

A number of databases also exist, both computerized and non-computerized,
which may be helpful when determining known toxic properties of a chemical, a set of
chemicals, or even a chemical class. The following provides information on the most
easily accessible or comprehensive databases available in the US.
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The Chemical Abstract Services (CAS) ONLINE (http://info.cas.org/) database is
a pay-for-services, informational compendium of thousands of substances, which
includes information on chemical and physical properties, molecular formula, structure,
synonyms, and in some cases, toxicity values (45).

An easily accessible online database of compiled toxicity and environmental
information can be found at the free National Library of Medicine site called MEDLARS
(http://toxnet.nlm.nih.gov). MEDLARS contains a number of specific databanks
including the Registry of Toxic Effects of Chemical Substances (RTECS), Hazardous
Substance Databank (HSDB), the Integrated Risk Information System (IRIS), the Genetic
Toxicology (Mutagenicity) Database (GENE-TOX), and the Chemical Carcinogenesis
Research Information System (CCRIS). RTECS is a comprehensive online database
developed by the National Institute of Occupational Safety and Health (NIOSH) for the
purpose of collecting, collating, and disseminating toxic effects information for “all
known toxic substances,” which are considered to be potentially all known chemicals that
can elicit abnormal biological effects (45).

The Merck Index (http://www.merck.com) contains physical data as well as
toxicity data from published literature sources. The information tabulated in the Merck
Index is somewhat limited. Online versions are offered by several licensed vendors which
do charge an access fee.

The Environmental Protection Agency’s Office of Pollution Prevention and
Toxics holds the Toxic Release Inventory (http://www.epa.gov/opptintr/tri/), which is a
valuable free source of information about toxic chemicals that are being used,
manufactured, treated, transported, or released into the environment.

For information on mutagenicity and carcinogenicity, the EPA’s GENE-TOX data
bank compiles genetic toxicity information on several thousand chemicals (found through
the MEDLARS online site) and the International Agency for Research on Cancer (IARC)
(http://www.iarc.fr/ pub/publist.htm) publishes for-fee, monographs reviewing the
carcinogenic potential of certain chemicals.

Although many of the above mentioned databases extract information from
published literature, most of the information used in databases is in the form of numerical
toxicity values such as LCso. Literature or citation databases provide additional
information which is always useful in determining the state of knowledge about
chemicals under investigation. The National Library of Medicine (NLM) has a number of
citation databases such as TOXLINE, MEDLINE, or CANCERLIT containing abstracted
literature information on various aspects of toxicology. The NLM databases can be
accessed free via the Internet (http://igm-01.nlm.nih.gov/index.html).
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The National Technical Information Service (NTIS) covers government-sponsored
research and development efforts and some work may contain toxicological information.
Searches for reports can be performed free of charge, but the actual documents can only
be obtained for a fee (http://www.ntis.gov/search.htm).

Through these resources, the initial literature search will reveal what, if any,
information is known about a particular chemical or class of chemicals. From the
literature search, one can usually determine the type of toxic endpoints that are associated
with the chemical(s) of interest. More detailed screening procedures can then be
undertaken to estimate the toxic effects of these chemicals.

. Quantitative Structure Activity Relationships:

Quantitative Structure Activity Relationships (QSARs) are helpful tools in
screening chemicals. However, they are not infallible and, therefore, should not be relied
on as the sole means of down selecting candidate chemicals.

QSARs can be used to estimate either specific or very general toxic endpoints. In
the former case, the toxicity parameters are the endpoints of concern and are determined
from the literature search, as stated above, and are usually specific to particular chemical
classes. For example, looking at hydrochlorofluorocarbons (HCFCs), which have been
investigated in the recent past as halon replacement agents, one would find upon
performing a literature search that liver toxicity is an important concern for people
exposed to this class of chemicals. Thus, when screening HCFCs, one would focus on the
hepatotoxicity endpoint. Using a QSAR to estimate the liver damage potential of an
HCFC would be a low cost means of determining the toxic potency of the candidate.

Some of the most important toxic endpoints to consider for some chemical classes
of interest are listed Table 5. In addition, references to known QSARs that have been
identified to screen for these end points are included, where available. Other QSARSs can
be found by searching MEDLINE using the search terms “Quantitative Structure Activity
Relationships” or “QSAR” and the chemical class or specific chemical name or CAS
Number. Over 125 QSARs have been developed since 1995 alone. Therefore, there is a
good possibility that a validated QSAR model can be found for the chemicals of interest.
A validated QSAR is a model that has been rigorously evaluated against a large set of
known data points for which the QSAR is designed to predict. Accordingly, one of the
starting points for QSAR development is the compilation of existing data and the
determination of its dimensionality, which may be different than its ostensible size due to
linear dependencies in the data. This compilation effort was covered under the previous
section on Literature Search.

Table 5. Chemical Classes, Toxic Endpoints, and QSARs
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Chemical Class

Functional Group

Possible Toxicity Endpoints

Reference of

Possible QSARs
Alcohols -C-OH Irritation 46, 47, 48, 49
Aldehydes and >C=0 Irritation, Sensitization, 46, 50
Acetals Anesthesia, Mutagencity and
Carcinogenicity
Allyl compounds H2C=CH-R Liver Toxicity, Kidney Toxicity, 51
Neurotoxicity, Sensitization,
Carcinogencity
Amides -CONH2 Irritation, and liver, kidney and 52, 53, 54, 55, 56,
brain toxicity 57, 58, 59, 60
Amines Cholinesterase Inhibition, 46, 61, 62, 63, 64,
Carcinogenicity 65, 66, 67, 68, 69
Azides -N3 Cardiovascular actions and 70
enzyme inhibition
Bromides Inorganic and organic Neurotoxicity, Irritation, 71,72, 81
bromides Hepatoxicity, Cardiotoxicity
Carbamates Compounds based on Carcinogencity, Mutagenicity, 73,74,75,76, 77,78
NH2COOH Teratogenicity, Cholinesterase
Inhibitors
Chlorinated CI-C-R Carcinogencity, Anesthesia, 79, 80, 81, 82, 83,
Hydrocarbons Hepatotoxicity 84, 85, 86, 87
Chlorophenols C6-Cl Carcinogencity, Mutagenicity, 72, 88, 89, 90, 91, 92
Irritation, Hepatotoxicity,
Cardiotoxicity
Epoxy Compounds Irritiation, Mutagenicity, 51, 93, 94, 95, 96,
Neurotoxicity, Hepatotoxicity, 97,
Kidney Toxicity, Embryotoxicity
Esters RCOOR' Asphyxiants, Narcotics, Irritants 71, 98, 99, 100, 101,
102
Ethers R-C-O-R' Anesthesia, Cardiotoxicity, 103, 72, 104, 105,
Irritation, Carcinogenicity 106, 107, 108
Ketones RCOR' Anesthesia 46, 50, 55, 101, 109,
110, 111
Nitro, Nitrate, and -NOx Irritation, Neuromuscular 72,112,113
Nitrite Dysfuction, Hepatotoxicity,
Cardiotoxicity, Mutagenicity,
Carcinogenicity
Nitroso compounds  C-N=0 or N-N=O Carcinogenicity, Mutagenicity, 114
Teratogenicity
Organometallics Compounds based on Irritation, Hepatotoxicity 115

Phosphorus
compounds

carbon and a metal

Anesthesia, Cholinesterase

Inhibition, GI Dysfunction, Irritation,

61, 98, 116,117
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Chemical Class Functional Group Possible Toxicity Endpoints Reference of
Possible QSARs

Neurotoxicity, Kidney Toxicity,
Hepatotoxicity, Teratrogenicity,
Reproductive Toxicity
Sulfur Compounds Irritiation, Corrosivity, 71, 56, 58, 72, 60
Cardiotoxicity, Neurotoxicity

. Laboratory Measurements:

Two types of laboratory screening methods were identified during the workshop:
limit tests and in vitro methods. An acute irritancy test, which evaluates the potential of a
chemical to cause irritation in test animals after a single dose or exposure, should also be
considered for solid and liquid candidates. These tests are usually performed in rabbits’
eyes and skin since rabbits have a well-characterized response to irritants. Standard
protocols for irritation testing are described in the EPA’s Office of Prevention, Pesticides,
and Toxic Substances Health Effects Test Guidelines. The guidelines for acute eye and
skin irritation are 870.2400 and 870.2500, respectively (OPPTS Series 870). The URL is:
http://www.epa.gov/docs/OPPTS_Harmonized/870_Health_Effects_Test_Guidelines).

Limit test methodology is well characterized and is often used as a prelude to the
standardized LCs, protocol (118). The typical limit test protocol calls for exposing rats to
a chemical at a dose of 2 mg/LL for 4 hours. However, for the application to fire
suppressants, the exposure concentration would be best if it related to the fire
extinguishing concentration and an exposure duration of 30 minutes or less, which is
more representative of a fire fighting scenario. In addition, various routes of exposure,
depending on the physical state of the chemical in question, can be specified in a limit
test. For example, for gaseous agents, inhalation is likely the most important route of
exposure, whereas for liquids, skin contact may be more important than inhalation.

A wide range of in vitro methods has been developed over the decades of
toxicological research. Caution should always be exercised when utilizing in vitro
techniques during the screening process because many factors, such as absorption and
transport processes, influence the toxicity of a chemical. Thus, it may not be wise to rule
out further consideration of a candidate based exclusively on the results of a single in
vitro test.

In vitro methods commonly use perfused organ preparations, isolated tissue
preparations, single cell suspensions, and tissue culture systems. The specific response
can vary from one species to the next. Thus, depending on the endpoint, preparations
should be derived from species that respond to the chemical challenge in ways which are
similar to humans.
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In vitro methods exist for various other endpoints, which may be useful depending
on the classes of chemicals. For example, if in the literature search, it was noted that
some members of the chemical class of interest elicit effects in the liver, then an in vitro
method that tests the potential of a chemical to produce liver toxicity would then have a
higher priority than, for example, a method to test myocardial arrythmogenic potential.

Table 6. In Vitro methods for Specific Toxic Endpoints

Toxic Endpoint References to In Vitro Methods

Acute Lethality [cross reference to Vesely, D., Vesela, D., and Jelinek, R., “Nineteen
Mycotoxins Tested in Chicken Embryos,” Toxicology Letters, Vol.
13, pp. 239-245, 1982.]
119, 120, 121, 122, 123, 124, 125

Neurotoxicity 126, 127, 128, 129, 130, 131, 132, 133, 134, 135

Irritation 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148,

149, 150, 151, 152, 153, 154
Anesthesia 155, 156, 157
Sensitization 158, 159, 160, 161, 162, 163, 164, 165

Kidney toxicity
Mutagenicity

Cholinesterase activity
inhibition in nerve cells

Cardiotoxicity

Hepatoxicity

Teratogenicity

166, 167, 168, 169, 170, 171, 172, 173, 174, 175

[cross reference to US Environmental Protection Agency, Short-Term
Tests for Carcinogens, Mutagens, and Other Genotoxic Agents, EPA-
625/9-79-003, Health Effects Research Laboratory, Research
Triangle Park, NC, July 1979.] [cross reference to Hodgson, E. and
Levy, P. E, “Section 8.6, In vitro and Other Short-Term Tests,”
Modern Toxicology, Elsevier Science Publishing Co., New York,
1987, p. 268.]

176, 177, 178, 179, 180, 181, 182, 183
184, 185, 186, 187, 188

[cross reference to Frazier, J. M., “Evaluation of In Vitro Alternatives
to the Dog Sensitization Assay,” ManTech Environmental
Technologies, Inc., Toxic Hazards Research Unit, Dayton, Ohio,
April 1994.]

189, 190, 191, 192, 193, 194, 195, 196
197, 198, 199, 200, 201, 202, 203

204, 205, 206, 207, 208, 209, 210, 211, 212, 213

One of the major challenges with in vitro techniques is that the mechanism of
action contributing to the endpoint of interest must be understood (12). In the least,
knowledge of the target organ is necessary to design a more robust in vitro assay (214).
Although unspecific lethality can be investigated using in vitro methods (215), these
types of screens generally have limited reliability.
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Table 6 is a sample of in vitro assays that have been developed to test the
endpoints delineated in Table 5. Additional in vitro methods can be found by searching
MEDLINE using the search terms “in vitro” and the chemical class or specific chemical
name or CAS Number.
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igure 9. Screening Protocol for Environmental Impact
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Figure 10. Screening Protocol for Materials Compatibility
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Figure 11. Decision Tree for Toxicity Screening
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Implementation of Screens

The primary motivation for performing a screen is to obtain guidance for future
research efforts by providing a basis for the identification of the most promising agents
from a list of candidates. The objective is to obtain a reliable indication of the likely
impact/performance of the agent and chemically related compounds, rather than the value
of a specific property. This task must be completed quickly, inexpensively, and
frequently with limited quantities of the chemical. The consensus methods presented in
this report have been formulated with these objectives in mind and should not, under any
circumstances, be used to acquire data for the establishment of regulatory guidelines or
for material characterizations.

The workshop participants recommended that the process of screening candidates
should be implemented using a hierarchical approach beginning with a literature search
of the chemical and physical properties, progressing to predictions of agent compatibility
based on structure-activity relationships, and concluding with laboratory measurements
and, for some properties, detailed modeling. This strategy provides the maximum degree
of flexibility, since the decision to proceed to the next step in the hierarchy can be based
on a consideration of the level of accuracy required for the specified application versus
the time and expense involved in further testing. These considerations are critical when
there are severe restrictions on the amount of time, money, and chemical that can be
allocated for this purpose. The requirements to perform the full battery of tests on a
candidate, for each of the consensus screens are summarized in Table 7.

Table 7. Time, Cost and Amount of Agent Required for the Consensus Screens

Screen Elapsed Time (days) Cost ($) Amount (moles)
Environmental Impact 4 10,000 0.3
Materials Compatibility 2 400 0.1
Toxicity 7 10,000 1

It is clear that fulfilling these requirements for every candidate would impose a
severe hardship on NGP researchers who must satisfy their objectives with limited
resources. The hierarchical implementation ensures that the full complement of tests
would only be performed under exceptional circumstances, and even then, only for the
most promising candidates. A road map for screening NGP candidates for their
compatibility with people, materials and the environment is presented in Figure 11. The
sequence begins with the environmental impact screen and ends with the screen for
materials compatibility. As explained above, each screen consists of a hierarchy of steps
initiated with a literature search and concluding with laboratory tests. In evaluating
candidates, investigators will be expected to make a decision on whether to proceed to
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the next step in the hierarchy or to terminate the process and go on to the next screen,
based on the information obtained up to that point. This decision will depend on available
resources. Thus, for example, if the agent is in short supply, the laboratory tests might be
deferred or even eliminated entirely in favor of the literature search and QSARs, which,
although less reliable, do not require any chemical.

In what follows, we illustrate the implementation of the screening process by
considering two compounds, dimethyl methylphosphonate (DMMP) and bis-
difluoromethyl ether (CHF,OCHF,, E134), that are currently under investigation by NGP
researchers. The first criterion for NGP candidate screening is that the candidate should
be a more effective suppressant than HFC-125. DMMP is used as a flame retardant in
halogenated polyester resins and rigid polyurethane foams (216). Fisher and coworkers
have demonstrated a high degree of fire suppression efficiency for this and related
compounds in recent experiments sponsored by the NGP under elements 4D/3/7 and
4D/2/8 (217). Although E134 is not an effective suppressant, it belongs to a family of
compounds (i.e., fluorinated ethers) that have favorable environmental properties. This
observation has motivated Huie and coworkers (4B/3/8) to propose brominated
derivatives of these compounds as replacement candidates (218).

The screening process is initiated by performing a literature search to obtain
information about the physical and chemical properties of the candidate. In reference 216,
DMMP is described as a low viscosity, water-white, liquid with a boiling point of 185 'C
(the boiling point is actually 181 'C according to 219). The relatively high boiling point
of this compound suggests that the most significant environmental impact will be in the
soil and ground waters, rather than the atmosphere. An octanol-water partition coefficient
should be obtained for this compound, since it contains both hydrophilic (P=0) and
hydrophobic (hydrocarbon) functionalities. As discussed in the previous section, the
biggest threat to wildlife is posed by compounds which have intermediate values of this
property. That is, in order to elicit a biological effect, the compound must be sufficiently
hydrophobic to penetrate the cell-barrier, but no so much that it remains dissolved in the
first fat layer it encounters, without ever reaching its target (22). Once the potential for
biological activity is established, which is almost certainly the case for DMMP, its
lifetime should be determined. Thus, it is conceivable that the environmental impact of
the agent can still be low if it degrades into an innocuous form in a relatively short time,
According to Weil, “the disappearance of phosphorus esters from soil and water should
be favored by the natural occurrence of phosphatases in all living organisms, and by the
non-enzymatic hydrolysis of organic phosphates (216).” In the case of DMMP, however,
the non-enzymatic mode of removal is ineffective as the lifetime of this compound, based
on the measured rate of hydrolysis at pH 7 and 25 °C, is 88 years (31). The predominant
hydrolysis reaction in DMMP is the base catalyzed cleavage of the P-O bond to produce
methanol and methyl methylphosphonate (the mono ester of methylphosphonic acid). It is
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conceivable that this reaction might result in a loss a fire suppression efficiency and/or a
corrosion problem (due to the presence of the acid) during storage.

The toxicological properties of this compound, which are reproduced to illustrate
the format used in the presentation of toxicity data, are summarized in reference 44.

“DSR400 CAS:756-79-6
HR: 2

DIMETHYL METHYLPHOSPHONATE

mf: C3H903P mw: 124.09

PROP: Pleasant-smelling liquid. Bp: 66-68° @ 10 mm.
SYNS: DMMP  METHYLPHOSPHONIC ACID DIMETHYL ESTER  NCI-C56762

TOXICTY DATA witTH REFERENCE

dlt-mus-orl 65 g/kg/13W-C MUREAV 138,213,84

cyt-ham:ovr 250 mg/l NTIS** AD-A124-785

orl-mus TDLo:33 g/kg (female 7-14D post): REP NTIS** PB85-220143
orl-rat TDLo: 63 g/kg (63D male):REP TXAPA9 72,379,84

orl-rat TDLo: 15,750 mg/kg (male 63D pre):REP TXAPA9 72,379,84
orl-rat TDLo: 126 g/kg (male 63D pre):REP TXAPA9 72,379,84
orl-rat TDLo: 515 g/kg/2Y-C:CAR FAATDF 11,91,88

orl-rat LD50:8210 mg/kg TSCAT* FYI-OTS-0483-0242

ivn-rat LD50:1050 mg/kg TSCAT* FYI-OTS-0483-0242

orl-mus LD50:>6810 mg/kg NTPTR* NTP-TR-323,87

ivn-mus LD50:912 mg/kg TSCAT* FYI-OTS-0483-0242

CONSENSUS REPORTS: Reported in EPA TSCA Inventory.

SAFETY PROFILE: Moderately toxic by intravenous route. Experimental reproductive
effects. Questionable carcinogen with experimental carcinogenic data. Mutation data reported.
An experimental nerve gas simulant. A flame retardant. When heated to decomposition it emits
toxic fumes of PO,.”

The hazard rating (HR) of 2, which is based on an appraisal of a large number of studies,
means “medium” hazard on a scale of 1, 2, or 3. Further examination of the toxicity data
indicates that the acute toxicity of this compound is quite mild. Indeed, the LDs; in rats
from oral administration is 8210 mg/kg. This value is considerably higher than the LDs,
for rats given common table salt (sodium chloride), which is reported as 3,000 mg/kg in
reference 220. Unfortunately, the safety profile for DMMP also points to evidence of
mutagenic and/or carcinogenic activity from long-term exposures. This information
warrants further consideration.

Additional information on the toxicity of DMMP was sought by searching online
databases using the CAS number provided in reference 44. No references to this

compound were found in the Merck index, EPA’s Toxic Release Inventory, or IARC.
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However, a search of the MEDLARS databank revealed a wealth of information. DMMP
was listed in RTECS, CCRIS, and the HSDB.

A MEDLINE search using the chemical name "dimethyl methyl phosphate” as the
SUBJECT search term was also successful in locating references to investigations of the
toxicological properties of this compound. An examination of these papers revealed
evidence of reproductive toxicity based on studies conducted by exposing male rats to
DMMP for several weeks (221). In addition to reproductive dysfunction, DMMP also
produced kidney tumors in male rats similar to those produced in animals given unleaded
gasoline, hydrocarbon solvents and 1,4-dichlorobenzene (222).

The NTIS database, which was searched using the chemical name as the search
term, revealed two literature references. The most significant of these was a health effects
summary published by the Army Medical Research and Development Command (223).
This information indicated that the acute toxicity of DMMP is relatively mild; however,
effects of multiple, repeated exposures are of concern from the manufacturing and
handling perspectives.

When performing a toxicity screen, it is important to pay close attention to
information on structurally related compounds. This may reveal trends that apply to the
compound of interest when specific information is unavailable. An understanding of the
properties of related compounds can lead to insights into the nature of structural changes
which might render a toxic chemical innocuous and is, therefore, highly relevant to the
screening process. Several documents on other alkyl methyl phosphate chemicals were
found that included references to their toxicological properties. For example, diisopropyl
methylphosphonate (CAS No. 1445-75-6), which was listed in reference 44, is
moderately toxic by ingestion. Information on acute lethality was also reported (224), but
there was no reference to any long-term toxic effects associated with this compound. This
may be an indication that the mutagenic activity of DMMP may be mitigated by
structural modifications in the ester moieties. A wide range of toxicity information was
also found on methyl methylphosphonate. These data are helpful in assessing the toxic
nature of DMMP and facilitates an understanding of the general toxicity trends for the
phosphonate class of chemicals.

Bis-difluoromethyl ether is a gaseous compound with a normal boiling point of 2
°C. Thus, the major environmental impact will be in the atmosphere. Its atmospheric
lifetime is approximately 23 years (218), which is minimally less that that of HFC-125.
This compound should not pose a problem with respect to storage stability and materials
compatibility. This view is based on a recognition of the high degree of chemical and
thermal stability associated with the C-O bond, which is the only feature that
distinguishes this family of compounds (fluorinated ethers) from the hydrofluorocarbons
that have already been exhaustively screened and determined to be highly compatible
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with both metals and elastomers (2b-d,6a-c). Although the poor fire suppression
efficiency and relatively long atmospheric lifetime of this particular compound would
preclude its widespread use as a fire extinguishing agent, other fluorinated ethers have
demonstrably shorter lifetimes. Indeed, the substitution of a Br for a H in E134 would be
expected to result in a compound with superior environmental properties and fire
suppression capability.

The toxicity screen of E134 (CAS No. 1691-17-4) was initiated by searching
reference 44. Although it was not listed, references to trifluoromethy! trifluorovinyl ether
(CAS No. 1187-93-5) and 1-chloro-2,2,2,-trifluoroethy! difluoromethyl ether (CAS No.
26675-46-7) were available. The information on trifluoromethyl trifluorovinyl ether listed
a mouse LCsy of 46 pg/m’ for a 2-hour inhalation exposure and the safety profile
indicated that it was toxic by inhalation (225). The chlorotrifluoroethyl difluoromethyl
ether is also known as isoflurane, which is used as an anesthetic (226). A number of acute
toxicity data on isoflurane were provided indicating that the chemical is slightly toxic by
inhalation. General information about ethers from reference 44 indicated that they
generally pose acute rather than chronic hazards and are often powerful narcotics or
anesthetics that in large doses can cause death (227).

The most significant toxic endpoint to consider for E134 is its anesthetic potential.
A search of the NTIS database revealed that the Environmental Protection Agency, Air
and Energy Engineering Research Laboratory was investigating fluorinated ethers for use
in refrigerant applications (228). One reference (229) stated that “Two W. R. Grace
patents (230,231) claim that E134 (bis-difluoromethyl ether) is a desirable aerosol
propellant because it is non-flammable and has a low toxicity and good stability in
aerosol products.” Although no definitive toxicity values were presented in this study, it
did contain references to a number of papers with toxicity information on other
fluorinated ethers (232-236). In addition, a paper was found where a relationship between
the structure and anesthetic activity of halogenated hydrocarbons (237) was examined.
This study provides a basis for the development QSARSs for the anesthetic activity of
fluorinated ethers, which could then be used as the point of departure for a more detailed
evaluation and analysis of this compound. This might include a laboratory screening
method, based on a modified whole animal limit test, to determine the anesthetic and
lethal concentrations of E134. In this application, the traditional limit test protocol would
have to be modified to reflect the exposure time (10-30 minutes) and concentrations (in
the vicinity of the flame extinguishing concentration) typical of a fire scenario.

The results of our preliminary screen indicate that E134 is not a promising
candidate, since it does not appear to offer any advantages over HFC-125. With regards
to DMMP, there are some long-term toxicity and environmental issues that must be
addressed before it can be recommended for widespread use as a fire suppressant. Our
assessment of DMMP is tentative in nature because of the absence of any measurements
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of the octanol-water partition coefficient. Once this data is obtained, the QSAR analysis
will provide the guidance needed for a more definitive recommendation. In this context,
it should be stated that the rejection of a specific compound does not necessarily mean
that research on the mechanisms of action and properties should be discontinued. This
decision may involve factors beyond the scope of the screening procedure. Indeed, we
suspect that the long-term toxicity issues, associated with DMMP, and the environmental
impact and performance problems of TFME, can be remedied by simple structural
modifications of these compounds.
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Figure 12. Decision Tree for Screening NGP Candidates
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Summary and Conclusions

Researchers working on NGP projects are proposing new chemical agents; and
technically sound, consensus methods are needed to determine whether to pursue each of
these candidates further. A workshop was held on November 14 and 15, 1997 at NIST in
response to this need. In attendance were approximately 40 representatives from
government, academia, and industry who participated in the evaluation and revision of
test methods for assessing the compatibility of chemical candidates for the next
generation of fire suppressants with people, materials, and the environment. The focus of
the workshop was on screening tests, which are meant to assist in the down selection
process, as opposed to evaluation/analysis tests, which are meant to provide a complete
evaluation of chemical properties for input into the risk assessment process. For each
property, the workshop participants compared currently used measurement methods and
identified the best method for future use. Each of these "best current” methods was
evaluated and given one the following designations: acceptable as is, acceptable with
modifications, or unacceptable.

Although the participants agreed that the existing methodologies did comprise a
sound basis for candidate screening, they also recognized that the search for next
generation fire suppressants will encompass a much wider range of compounds than have
been considered in previous efforts, which have focussed almost exclusively on halogen-
containing compounds. Consequently, it was felt that the methods used to screen these
candidates must be flexible enough to accommodate a much more diverse set of physical,
chemical, and toxicological properties and that a predetermined set of standardized
procedures would not be adequate. Instead, the participants recommended using a
hierarchical approach beginning with a literature search of the relevant chemical and
physical properties, progressing to structure-activity based predictions of agent
compatibility, and culminating in laboratory measurements and detailed modeling, when
more reliable assessments are required. This strategy provides the desired level of
flexibility, since the decision to proceed to the next step in the hierarchy can be based on
a consideration of the level of accuracy required for the specified application versus the
time and expense involved in further testing. It also facilitates the process of screening a
large number of candidates when there are severe restrictions on the amount of time,
money, and chemical that can be allocated for this purpose.

At the conclusion of the workshop, a consensus method was advanced for each
property. The recommended screens for environmental impact, materials compatibility
and toxicity are summarized in Figures 8, 9 and 10, respectively. Since these methods are
based on existing technologies, no new research programs are required for their
implementation. The emphasis on using structure-activity relationships to supplement
laboratory measurements in making assessments on individual candidates, however,
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presumes that resources will be available to develop the prerequisite databases for
promising families of chemicals.
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