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A B S T R A C T

The goal of this study was to provide quantitative efficacy information relevant to technical and forensic
decontamination that may assist safety officers in mitigating health hazards to personnel and minimizing
the potential transfer of chemicals by cross-contamination from a chemical incident scene. To achieve
this goal, decontamination solutions were evaluated using representative contact times of personal
protective equipment (PPE) and related materials with the chemical contaminant at operationally
relevant decontamination dwell times. The study included four toxic industrial chemicals (TICs) and two
chemical warfare agent (CWA) surrogates, eight decontamination solutions and seven PPE-related
materials that would transition through a personnel decontamination line. Measured neutralization
efficacies following a 2.0-min dwell time varied strongly by chemical with no/very minimal efficacy
observed for decontaminants against materials contaminated with nitrobenzene, chlordane, and phenol.
Higher efficacies up to 60% were observed for full strength bleach, RSDL1 and EasyDECON1 DF200
products against malathion, carbaryl, and 2-chloroethyl ethyl sulfide. Other decontamination solutions
like detergent and water, 10� diluted bleach, and pH-amended bleach were found to be non-efficacious
(less than 20%) against any of the chemicals. The short dwell time and limited amount of decontaminant
on the contaminated surface limits the expected efficacy. Therefore, the contribution of neutralization to
the decontamination process while responders are preparing to doff personal protective equipment may
be limited.

Published by Elsevier Ltd.

1. Introduction

Rapid and effective decontamination methods for personal
protective equipment (PPE) are needed by Federal, State and Local
responders including those conducting cleanup operations. This is
particularly critical when responders leave the exclusion zone (also
known as “hot zone”) of a hazardous material site where full
protection of skin, eyes, and the respiratory system is required.
Decontamination of personnel wearing PPE takes place in the
containment reduction zone (CRZ). This should be an organized
process and requires various sequential steps, the so called

decontamination line, to avoid contamination of the support zone
(“cold zone”). This process is typically supported by personnel
wearing the same or one level lower personal protection. It is
highly desirable to minimize exposure to the hazardous chemicals
that may be present on the PPE. Such reduction should be effective
over a short period of time considering that the person leaving the
exclusion zone may be on supplied air with a limited air supply
remaining in their self-contained breathing apparatus (SCBA).
Alternatively, PPE may be doffed through a series of steps in the
CRZ without immediate decontamination of the PPE. This
approach, as with all decontamination approaches, would need
to be exercised with extreme care as to avoid contact with the
chemical agent. The continued use of respirators would decrease
the inhalation exposure during this process. Dermal exposure
during doffing would be the most significant risk. If there were

* Corresponding author at: U.S. EPA, Mail Drop E343-06, 109 TW Alexander Dr.,
Research Triangle Park, NC 27711, USA.

E-mail address: oudejans.lukas@epa.gov (L. Oudejans).

http://dx.doi.org/10.1016/j.jece.2016.05.022
2213-3437/Published by Elsevier Ltd.

Journal of Environmental Chemical Engineering 4 (2016) 2745–2753

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.else vie r .com/ locat e/ jece

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2016.05.022&domain=pdf
mailto:oudejans.lukas@epa.gov
http://dx.doi.org/10.1016/j.jece.2016.05.022
http://dx.doi.org/10.1016/j.jece.2016.05.022
http://www.sciencedirect.com/science/journal/22133437
www.elsevier.com/locate/jece


effective decontamination solutions that could be applied to the
PPE before doffing, these dermal exposure risks could be mitigated.

The decontamination of toxic industrial chemicals (TICs) and
chemical warfare agents (CWAs) from PPE equipped responders,
under conditions experienced in the field, has not been extensively
examined in the literature. Response agencies have historically
used decontamination strategies informed by their experience
with releases of traditional hazardous materials. This often
includes a desire for a single, ‘all hazards’ decontamination
process. The Department of Defense (DoD) decontamination
manual [1] calls attention to the fact that decontamination of
chemical and biological agents is fundamentally different from
hazardous material (HAZMAT) decontamination. Researchers
examining decontamination practices for highly toxic CWAs have
noticed that decontamination practices should be tailored to the
chemical encountered to maximize efficacy and minimize the risk
of transferring contamination from the scene [2,3]. Further, as an
attack with chemical or biological agent is a low probability-high
consequence event, finding decontamination procedures to be
inadequate through ‘lessons learned’ resulting from late-mani-
festing health effects may have significant consequences. For
example, some nerve and blister agent exposures will not result in
negative health effects for many hours.

Previous studies have examined technologies for decontami-
nation of biological and chemical agents on both military [4] and
civilian surfaces [2,5], but very few studies have examined the
effectiveness of these technologies against chemical or biological
agents on PPE-related surfaces. Methods for a realistic evaluation
of hazard reduction due to responder PPE decontamination are not
well established. Further, decontamination studies have not
examined the efficacies at dwell times that are representative of
those used in the CRZ prior to PPE doffing. Dwell times during the
decontamination of PPE are inherently shorter (2 min or even less,
depending on the urgency to doff the PPE) than typical building
material dwell times (30 min or longer). In addition, the ratio of
decontamination solution active ingredient amount over chemical
contaminant amount may not be as high as during building surface
decontamination. Laboratory studies are also often conducted
using (stirred) solutions, facilitating the anticipated reaction
chemistries [6]. Information on short (less than 5 min) neutraliza-
tion reaction times is limited. Seto [7] reported the fast hydrolysis
of G-series nerve agents during a 2-min incubation time in a
weakly alkaline solution while hydrolysis of VX was slower with
significant amounts left after 10 min. Wet chemistry methods
provide a first indication of whether reaction chemistry may be
occurring. However, the operational decontamination process can
be mass transfer limited, considering the more static environment
of only a droplet of decontaminant interacting with a contaminat-
ed surface. Scrubbing or wiping may enhance the mass transfer.
However, such physical process would only be beneficial if any
chemical decontamination reaction occurs, and if the physical
process used does not enhance contaminant penetration of the PPE
[8].

Decontamination of materials occurs in general through two
processes, namely, by physical removal and chemical reaction.
Physical removal of a toxic chemical from the surface includes
enhanced volatilization (heating of the surface), scrubbing, wiping,
rinsing with water or other solvent. Alternatively, a chemical
neutralization reaction could be considered that makes the toxic
product significantly less toxic. Physical removal processes can be
selected to remove the less or nontoxic byproducts from a surface
before and/or after the neutralization process. Physical removal of
a chemical prior to neutralization would be beneficial as to shift the
stoichiometric burden in the chemical reaction. In a PPE
decontamination line, neutralization is important as it has the
potential to significantly reduce the exposure risk to personnel by
enhancing the decontamination process.

In the present study, the efficacies of selected commercially
available decontamination solutions (detergent and water, undi-
luted bleach, diluted bleach, pH-amended bleach, EasyDecon1

DF200, RSDL1, and Steriplex1 Ultra) were examined for PPE and
related materials contaminated with chemicals in a more
operationally-relevant context. This included measurement of
the efficacy of decontamination solutions on common constituents
of responder equipment, using operationally relevant exposures
and decontamination solution dwell times. This study was limited
to an initial investigation of which decontamination product
would be efficacious against the targeted chemical on contami-
nated PPE and related materials.

2. Materials and methods

2.1. Chemical contaminants

Targeted chemicals consisted of precursors (nitrobenzene and
phenol); pesticides (carbaryl, chlordane and malathion); and two
surrogates of CWAs, namely, malathion for O-ethyl S-(2-[diiso-
propylamino]ethyl) methylphosphonothioate (VX) and 2-chlor-
oethyl ethyl sulfide (2-CEES), also known as half-mustard, for
sulfur mustard (HD) [9]. The selection of these CWA surrogates was
based in part of chemical similarities with the actual CWA that
would allow for the hydrolysis or oxidation reactions to occur at
the same nucleus. These surrogates may therefore not be the most
suitable surrogates for assessing any adsorption or permeation into
a material.

All chemicals that were part of this study are tabulated in
Table 1 and were procured from a commercial source (Sigma
Aldrich, St. Louis, MO) at 97% or higher purity except for phenol.
Phenol is a solid at room temperature. Liquefied phenol, defined as
�89% phenol in a water slurry, was used to simplify the application
of phenol onto the surface. Special care was taken to homogenize
the solution prior to application and to avoid crystallization by
gentle warming of the phenol-containing vial in a water bath.
Nitrobenzene and 2-CEES were applied as neat liquids. Technical
Chlordane is composed of 60% octachloro-4,7-methanotetrahy-
droindane (the cis [a] and trans [g] isomers of chlordane) and 40%

Table 1
Targeted chemicals.

Chemical CAS # Physical Form (At 20 �C) Purpose/function

Carbaryl 63-25-2 Solid Insecticide; component of SevinTM

Chlordanea 12789-03-6 Liquid Pesticide
2-Chloroethyl ethyl sulfide (2-CEES) 693-07-2 Liquid Surrogate for sulfur mustard (HD)
Malathion 121-75-5 Liquid Surrogate for VX
Nitrobenzene 98-95-3 Liquid Toxic industrial chemical
Phenol 108-95-2 Solidb Toxic industrial chemical

a Purchased as Technical Grade chlordane, a mixture of 120 compounds; analyzed for sum of a- and g-chlordane.
b Applied as liquified phenol, a slurry of phenol in water.
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