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(1) Foreword (optional)
Executive Summary

This document is a review of reactive coatings to protect military personnel from chemical and
biological warfare (CW/BW) agents. Decontamination of surfaces exposed to chemical or
biological agents presents a major challenge to U.S. forces. Present decontaminants may have
problems with toxicity or corrosion; all decontamination solutions present the logistical challenge
of supplying them when and where they are needed. Reactive coatings would be available at
any time, enhancing protection while simplifying logistics. ldeally, a reactive coating would not
add significantly to the cost or weight of the coating system and would not compromise other
properties of the coating.

The purpose of this review is to identify available technologies and ongoing research in reactive
coatings for military equipment. We define a reactive coating as a surface coating that
neutralizes chemical or biological threats by a chemical reaction. We first considered
requirements for reactive coatings. Key elements are the rate of decontamination, effectiveness
against the full range of threats that U.S. forces are exposed to, ability to maintain performance
under all conditions, safety and environmental friendliness, and the ability to preserve critical
coating properties such as camouflage and corrosion protection. While the systems surveyed
reported activity against one or more threats, none reported performance against a full range of
threats, which would be necessary for a complete systems evaluation. For example, activity
against agents deposited on particulate materials (“dusty” mustard or weaponized anthrax) has
not been addressed. Clearly, durability in field conditions is also critical, but this aspect was
seldom addressed in the systems we surveyed and would require much more extensive testing.

In performing this review TDA Research, Inc. (TDA) searched available databases, including the
Defense Technical Information Center (DTIC), the Chemical and Biological Information and
Analysis Center (CBIAC), and the U.S. Patent and Trademark Office. We also searched the




scientific and technical literature, including proceedings of the Scientific Conference on Chemical
and Biological Defense Research. We prepared a survey requesting information on reactive
coatings that was sent to individuals and organizations identified as potentially having
technologies of interest. For each reactive coatings technology identified, we asked the following

questions: What is the technology? What is the proposed mode of action? What threat(s) does it
address? What procedures were used to evaluate it?

As background to this review we summarized the applicable chemistry, identifying three
fundamental types: stoichiometric reactants, rechargeable stoichiometric systems (principally
containing active halogen), and catalytic systems. We carried out calculations to estimate the
capacity of stoichiometric systems, and found that stoichiometric systems couid be effective
against vapor threats or light to moderate aerosol threats. Catalytic systems, assuming rapid
kinetics and high turnover numbers, would be suitable even for heavy challenges with CW agent
aerosols. In reviewing the applicable mechanisms for detoxification we considered oxidation and
hydrolysis, as applied to a range of CW agents. We concluded that a practical system will likely
involve more than one detoxification mechanism in order to address the full range of threats.

We also identified some additional opportunities for reactive coatings that were not addressed in
any of the systems now reported to be in development. Catalytic reactive coatings systems are
under development, and enzymatic catalysis has previously been applied to chemical defense,
but we found no systems using enzymes in coatings. This represents an area for future R&D.
With an enzymatic or any other catalytic process there is the potential for completive inhibition
to decrease the rate of the catalyzed reaction. We cited research relevant to this area and
recommend that it be carefully considered in future work.

TDA also considered the optimal diffusivity of threat agents in a reactive coating. If the reactant
is evenly distributed throughout the coating, then the agent must diffuse relatively rapidly in
order to use all of the available capacity. However, standard practice in chemical agent resistant
coatings (CARCs) is to decrease the agent diffusivity in order to minimize re-emission. Low
diffusivity of the agent in the coating implies that only the reactive component on the surface will
be effective. In considering means to control diffusivity of small molecules in coatings we
reviewed recent work on reactive barriers in coatings. This could be a useful approach to
reactive coatings. Our study also pointed out that a systematic assessment of the diffusion rate

of threat agents in coatings would be useful to the development of reactive coatings in general
and catalytic reactive coatings in particular.

TDA identified a range of reactive coating technologies under development, but none that was
commercially available. Most of the technologies surveyed appeared to be at an early stage of
development. We considered the projected cost of the systems, but found insufficient data to
make any conclusions on cost. In general we found little consistency in the way that the
systems had been evaluated. We classified the systems reviewed as primarily focused on
either chemical or biological defense, although there is clearly some overlap. Both
stoichiometric and catalytic CW protective systems were identified, with the stoichiometric
systems being closer to commercialization. Surprisingly little effort has been directed at

systems for catalytic detoxification of VX, and this appears to be an area requiring further
focused research.

Several coatings with antimicrobial properties were identified. We found no generally accepted
test methods or standards for performance of antimicrobial protective coatings. For example,
we asked whether coatings were effective against bacterial spores but found little indication that
these tests had been performed. We also asked about measures of lethality (e.g., 6-log kill) but
again found no consistency. One approach to antimicrobial coatings was systems that slowly




release halogen, which could potentially aiso afford some defense against CW agents. We
classify these systems as stoichiometric coatings since there is an irreversible reaction. One
technology, by Triosyn, is fairly well advanced toward commercial application. Another
technology, licensed to Halosource, can be recharged by surface application of a reactant such
as bleach. We classified this as a regenerable stoichiometric system. Other antimicrobial
coatings used fixed groups such as quaternary ammonium ions. While these systems might
offer a longer service life than those that release halogen, we found no conclusive tests of
durability in service. Antimicrobial systems could be deactivated by formation of a dust, oil or
protein fouling layer on the surface, but this issue has not been addressed.

In summary, we find that the potential advantage of reactive coatings has led to development of
systems using a wide range of approaches. Although none of these are yet commercial, some
are fairly well advanced. Spurred by recent threats to the U.S. military and the civilian
population, several active research projects are making significant progress. To support this
research we make the following recommendations:

Reactive coatings research and development would benefit if technology developers had a
generally accepted list of threat scenarios. A task force under Govemment direction could
compile a list of scenarios that should be considered, which would facilitate broader
understanding and comparison of competing technologies.

Similarly, research into chemical defense has long suffered from use of a wide range of
simulants and test methods. At least for the limited area of reactive coatings, it should be
possible to establish a systematic series of protocols to facilitate evaluation of developmental
technologies. For examplie, the R&D process could begin with experiments using threat agent
analogs selected to screen for activity in specific area. The most effective materials could then
by tested against other analogs or under more realistic conditions. The development process
should move as rapidly as feasible to tests with live agents. Durability or longevity under field
conditions has generally not been addressed. To assure that research efforts are properly
directed, performance under field conditions should also be considered as early as is feasible.

Diffusion of chemical agents in coatings is well known but has not been gquantified or modeled.
For catalytic chemical protective coatings the solubility and diffusion of (for example) O, and
H,O in the matrix may also be critical. Additional data on the diffusivity of agents in coatings,

and means to lower that diffusivity if needed, would contribute to the development of new
reactive coatings.
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Executive Summary

This document is a review of reactive coatings to protect military personnel from chemical and
biological warfare (CW/BW) agents. Decontamination of surfaces exposed to chemical or
biological agents presents a major challenge to U.S. forces. Present decontaminants may have
problems with toxicity or corrosion; all decontamination solutions present the logistical challenge
of supplying them when and where they are needed. Reactive coatings would be available at
any time, enhancing protection while simplifying logistics. Ideally, a reactive coating would not
add significantly to the cost or weight of the coating system and would not compromise other
properties of the coating.

The purpose of this review is to identify available technologies and ongoing research in reactive
coatings for military equipment. We define a reactive coating as a surface coating that
neutralizes chemical or biological threats by a chemical reaction. We first considered
requirements for reactive coatings. Key elements are the rate of decontamination, effectiveness
against the full range of threats that U.S. forces are exposed to, ability to maintain performance
under all conditions, safety and environmental friendliness, and the ability to preserve critical
coating properties such as camouflage and corrosion protection. While the systems surveyed
reported activity against one or more threats, none reported performance against a full range of
threats, which would be necessary for a complete systems evaluation. For example, activity
against agents deposited on particulate materials (“dusty” mustard or weaponized anthrax) has
not been addressed. Clearly, durability in field conditions is also critical, but this aspect was
seldom addressed in the systems we surveyed and would require much more extensive testing.

In performing this review TDA Research, Inc. (TDA) searched available databases, including the
Defense Technical Information Center (DTIC), the Chemical and Biological Information and
Analysis Center (CBIAC), and the U.S. Patent and Trademark Office. We also searched the
scientific and technical literature, including proceedings of the Scientific Conference on Chemical
and Biological Defense Research. We prepared a survey requesting information on reactive
coatings that was sent to individuals and organizations identified as potentially having
technologies of interest. For each reactive coatings technology identified, we asked the following

questions: What is the technology? What is the proposed mode of action? What threat(s) does it
address? What procedures were used to evaluate it?

As background to this review we summarized the applicable chemistry, identifying three
fundamental types: stoichiometric reactants, rechargeable stoichiometric systems (principally
containing active halogen), and catalytic systems. We carried out calculations to estimate the
capacity of stoichiometric systems, and found that stoichiometric systems could be effective
against vapor threats or light to moderate aerosol threats. Catalytic systems, assuming rapid
kinetics and high turnover numbers, would be suitable even for heavy challenges with CW agent
aerosols. In reviewing the applicable mechanisms for detoxification we considered oxidation and
hydrolysis, as applied to a range of CW agents. We concluded that a practical system will likely
involve more than one detoxification mechanism in order to address the full range of threats.

We also identified some additional opportunities for reactive coatings that were not addressed in
any of the systems now reported to be in development. Catalytic reactive coatings systems are
under development, and enzymatic catalysis has previously been applied to chemical defense,
but we found no systems using enzymes in coatings. This represents an area for future R&D.
With an enzymatic or any other catalytic process there is the potential for completive inhibition
to decrease the rate of the catalyzed reaction. We cited research relevant to this area and
recommend that it be carefully considered in future work.




TDA also considered the optimal diffusivity of threat agents in a reactive coating. If the reactant
is evenly distributed throughout the coating, then the agent must diffuse relatively rapidly in
order to use all of the available capacity. However, standard practice in chemical agent resistant
coatings (CARCs) is to decrease the agent diffusivity in order to minimize re-emission. Low
diffusivity of the agent in the coating implies that only the reactive component on the surface will
be effective. In considering means to control diffusivity of small molecules in coatings we
reviewed recent work on reactive barriers in coatings. This could be a useful approach to
reactive coatings. Our study also pointed out that a systematic assessment of the diffusion rate
of threat agents in coatings would be useful to the development of reactive coatings in general
and catalytic reactive coatings in particular.

TDA identified a range of reactive coating technologies under development, but none that was
commercially available. Most of the technologies surveyed appeared to be at an early stage of
development. We considered the projected cost of the systems, but found insufficient data to
make any conclusions on cost. In general we found little consistency in the way that the
systems had been evaluated. We classified the systems reviewed as primarily focused on
either chemical or biological defense, although there is clearly some overlap. Both
stoichiometric and catalytic CW protective systems were identified, with the stoichiometric
systems being closer to commercialization. Surprisingly little effort has been directed at

systems for catalytic detoxification of VX, and this appears to be an area requiring further
focused research.

Several coatings with antimicrobial properties were identified. We found no generally accepted
test methods or standards for performance of antimicrobial protective coatings. For example,
we asked whether coatings were effective against bacterial spores but found little indication that
these tests had been performed. We also asked about measures of lethality (e.g., 6-log kill) but
again found no consistency. One approach to antimicrobial coatings was systems that slowly
release halogen, which could potentially also afford some defense against CW agents. We
classify these systems as stoichiometric coatings since there is an irreversible reaction. One
technology, by Triosyn, is fairly well advanced toward commercial application. Another
technology, licensed to Halosource, can be recharged by surface application of a reactant such
as bleach. We classified this as a regenerable stoichiometric system. Other antimicrobial
coatings used fixed groups such as quaternary ammonium ions. While these systems might
offer a longer service life than those that release halogen, we found no conclusive tests of
durability in service. Antimicrobial systems could be deactivated by formation of a dust, oil or
protein fouling layer on the surface, but this issue has not been addressed.

In summary, we find that the potential advantage of reactive coatings has led to development of
systems using a wide range of approaches. Although none of these are yet commercial, some
are fairly well advanced. Spurred by recent threats to the U.S. military and the civilian
population, several active research projects are making significant progress. To support this
research we make the following recommendations:

Reactive coatings research and development would benefit if technology developers had a
generally accepted list of threat scenarios. A task force under Government direction could
compile a list of scenarios that should be considered, which would facilitate broader
understanding and comparison of competing technologies.

Similarly, research into chemical defense has long suffered from use of a wide range of
simulants and test methods. At least for the limited area of reactive coatings, it should be
possible to establish a systematic series of protocols to facilitate evaluation of developmental




technologies. For example, the R&D process could begin with experiments using threat agent
analogs selected to screen for activity in specific area. The most effective materials could then
by tested against other analogs or under more realistic conditions. The development process
should move as rapidly as feasible to tests with live agents. Durability or longevity under field
conditions has generally not been addressed. To assure that research efforts are properly
directed, performance under field conditions should also be considered as early as is feasible.

Diffusion of chemical agents in coatings is well known but has not been quantified or modeled.
For catalytic chemical protective coatings the solubility and diffusion of (for example) O, and
H,O in the matrix may also be critical. Additional data on the diffusivity of agents in coatings,
and means to lower that diffusivity if needed, would contribute to the development of new
reactive coatings.
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1. Introduction

This document is a review of reactive coatings to protect military personnel from chemical and
biological warfare (CW/BW) agents. After an attack with chemical or biological weapons,
exposed equipment must be decontaminated to ensure the safety of personnel and permit
continued operation. Some current decontamination systems, such as DS2, are potentially toxic
or corrosive. The logistical problem of providing the decon solution at any time or place it may
be needed remains a problem with any formulation. Clearly a desirable part of any chemical/
biological (CB) protective system would be a coating that could eliminate harmful materials
without addition of other reagents.

In this review we have focused on coatings for military equipment, and have not specifically
considered coatings for fabrics (fabric finishes), although we recognize that chemistry useful in
coatings may also be applicable to fabrics with some modification. We have also not
considered coatings applied directly to the skin, such as the active topical skin protectants now
under development by the Army. In terms of the categories often used with systems for CW/BW
defense, this review focuses on materials for protection and decontamination. Coatings whose
only function is in the areas of detection or demilitarization have not been considered. Similarly,
systems relying on physical adsorption (activated carbon, Fuller's earth) are well known and are
not reviewed here. Decontaminants applied as solutions, foams, or as particles and powders,
(such as the reactive sorbents prepared from alkaline earth oxides and the beads in the CW
protective wipe) were not considered. We have covered coatings that are described as

providing improved chemical agent resistance through a combination of sorption and chemical
reaction.

We define a reactive coating as a surface coating that neutralizes chemical or biological threats
by a chemical reaction. The reaction converts the CW agent to a harmless (or at least less
harmful) product and/or neutralizes BW agents. We have focused on reactive coatings for
passive applications, as opposed to active systems such as those requiring a pump to move air
through a filter element or catalyst bed.

Reactive coatings potentially have a wide range of non-military commercial applications, both in
combating harmful materials such as hazardous industrial pollutants (HIPs) and in neutralizing
harmful microorganisms. We have considered the level of commercialization of specific
coatings technologies identified.

This review was performed by TDA Research, Inc. (TDA). Some active projects at TDA involve
CW/BW defense systems, including efforts led by some of the authors of this study. We have

attempted to be fair and objective in our assessments of all technologies. TDA projects are
clearly identified in the review.

In the following sections we first outline essential or desirable properties of reactive coatings in
general. We then discuss the methodology used in this review and the questions asked. We
then address the mode of action of reactive technologies in general: what types of reactions are
usable, the mechanism of action, and related issues. Next we address several additional
opportunities for improvements in reactive coatings that were identified in the course of this
review, along with associated testing required to assess potential problems. We then survey
existing technologies, beginning with systems focused primarily on defense against CW agents
and continuing to those focused on BW agents, recognizing that there is substantial overlap.




We conclude with a summary of our findings and recommendations for actions that would
enhance development of reactive coatings.




2. Requirements of Reactive Coatings

Practical systems must provide useful protection in a practical time frame: minutes preferred,
but certainly in hours and not days. There are reports of systems that deactivate harmful
chemical by a photocatalytic reaction (for example, on TiO,; Stevens et al. 1998), but this
approach was not considered because it does not appear to be consistent with Army
requirements. There would inevitably be surfaces that are not decontaminated because they
are not exposed to light; a potential requirement to wait for daylight to begin decontamination is
also not realistic. Further mission requirements are that the system must be applicable with
existing technology, safe, environmentally friendly (no or minimal hazardous waste on
application or paint stripping), durable, consistent with the low observables (camouflage)
requirements for military vehicle coatings, protective against corrosion, and available at an
accepiable cost.

An area related to but distinct from reactive coatings (as here defined) are the chemical agent
resistant coatings (CARCs). When exposed to a chemical agent, any coating will tend to absorb
some amount of the agent. Even after the exposed surface has been decontaminated, the
absorbed agent may be re-emitted. This agent desorbing from the coating can be dangerous to
soldiers, and even in very low concentrations can activate chemical agent detection systems.
At that point the soldiers would not know whether they were detecting residue from a previous
episode or were the subject of a new attack, and would be required to take precautions, with
accompanying loss in effectiveness. Current Army combat vehicle coatings must meet a
standard (MIL-C-46168) for re-emission of CW agents. For recent developments in CARC
coatings see Escarsega and Duncan 1996, Escarsega et al. 1997, Escarsega and Chesonis
1997, Duncan et al. 1998, Stone and Tolle 1998 and STANAG 2001. CARC coatings by
definition require the use of some material or method for decontamination. Reactive coatings
would provide that decontamination though their inherent reactivity, and may therefore be said
to be self-decontaminating. While these two systems are distinct in definition and application,

clearly some of the chemical approaches useful in CARC coatings could be applied to reactive
coatings, and vice versa.

An effective coating must retain activity during a reasonable period of service. All of the
mechanisms proposed for neutralization of chemical or biological agents are potentially subject
to loss of capacity through one or more mechanisms. Sorbents could become loaded with
heavy hydrocarbons from fuel vapors; stoichiometric reactants could react with environmental
materials (e.g., strong bases would react with CO,) or could be lost through desorption from the
coating; catalysts are subject to deactivation by materials that bind tc the catalytic site. Some
reactive coatings could be deactivated by formation of a dust, oil or protein fouling layer on the
surface, but this issue has not been addressed. Particularly in the case of antimicrobial
coatings, the literature on prevention of biofouling provides many examples of surfaces
designed to minimize colonization by living cells that rapidly become covered with a biological
slime and thereafter provide a surface well suited to growth.

The threat agent must contact the reactive material in the coating if it is to be decontaminated.
Clearly, several problems could arise in this area. Chemical agents may not come in contact
with the reactive material because the coating does not match the hydrophobic or hydrophilic
properties of the agent. Bacterial spores may not be deactivated because their size does not
permit them to come in close contact with the reactive material in the coating. These problems
are compounded when the chemical or biological agent is deposited on the surface of a
particulate material, as in the case of “dusty” mustard and “weaponized” anthrax spores.




3. Methodology

In performing this literature survey TDA searched available databases, including the Defense
Technical Information Center (DTIC), the Chemical and Biological Information and Analysis
Center (CBIAC), the U.S. Patent and Trademark Office and the Internet. We also searched the
scientific and technical literature, including proceedings of the Scientific Conference on Chemical
and Biological Defense Research. We also identified and contacted individuals and organizations
who were potential developers of or customers for reactive coatings, through past expedience in
the CW/BW defense area and through the membership listing in the NBC Industry Group, an
association of organizations supporting nuclear, biological and chemical defense. We prepared a
survey requesting information on reactive coatings that was sent to all of the identified individuals
and organizations.

For each reactive coatings technology identified, we asked the following questions:
1. What is the technology? What is the proposed mode of action?
2. What threat(s) does it address?
3. What test procedures were used to evaluate it?
4. What are the projected system costs?

In evaluating chemical defense technologies, developers have used both surrogates and live
agents. While testing with live chemical agents is unarguably the most realistic challenge, it is
also far and away the most expensive. A wide range of surrogates has been used: for example,
chioroethyl ethyl sulfide (CEES) is widely used as a simulant for sulfur mustard (agent HD) and
spores of B. globigii are widely used as a simulant for anthrax spores. In reviewing performance
data we considered how the reported results might be used to compare competing technologies.
For systems designed to protect against biological threats, we considered which organisms the
system was tested against, and whether vegetative cells, spores or both were used. We also
asked whether the system had been tested in the field, and whether any potential problems (e.g.,

safety, environmental hazards) had been identified and addressed. We asked whether any model
to predict performance had been reported.

In a review of this type it would be reasonable to consider projected system costs, in order to
identify technologies with apparent cost advantages. We found, however, that the technologies
were not sufficiently developed for us to carry out a meaningful cost comparison.
































































