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Investigating ozone-induced decomposition of surface-bound

permethrin for conditions in aircraft cabins

Abstract The reaction of ozone with permethrin can potentially form phosgene.
Published evidence on ozone levels and permethrin surface concentrations in
aircraft cabins indicated that significant phosgene formation might occur in this
setting. A derivatization technique was developed to detect phosgene with a
lower limit of detection of 2 ppb. Chamber experiments were conducted with
permethrin-coated materials (glass, carpet, seat fabric, and plastic) exposed

to ozone under cabin-relevant conditions (150 ppb O3, 4.5/h air exchange

rate, <1% relative humidity, 1700 ng/cm” of permethrin). Phosgene was not
detected in these experiments. Reaction of ozone with permethrin appears to be
hindered by the electron-withdrawing chlorine atoms adjacent to the double
bond in permethrin. Experimental results indicate that the upper limit on the
reaction probability of ozone with surface-bound permethrin is ~10~". Extrap-
olation by means of material-balance modeling indicates that the upper limit on
the phosgene level in aircraft cabins resulting from this chemistry is ~1 pg/m® or
~0.3 ppb. It was thus determined that phosgene formation, if it occurs in aircraft
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Phosgene formation from ozone-initiated oxidation of permethrin in the aircraft cabin environment, if it occurs, is
estimated to generate levels below the California Office of Environmental Health Hazard Assessment acute reference

exposure level of 4 ug/m® or ~1 ppb.

Introduction
‘Disinsection’ is the practice of spraying passenger
aircraft interiors with insecticide to prevent the spread
of disease vectors and invasive species. Regular insec-
ticide spraying was discontinued in the United States in
1979, but several countries (at least 21) still permit or
require disinsection (NRC, 2002; DOT, 2007). Planes
that have been disinsected can travel worldwide, even
to countries where disinsection is not allowed.
Publicly available data on the type and amount of
insecticides used in aircraft cabins are sparse, but they
suggest that the most commonly used aircraft insec-

ticides are permethrin and d-phenothrin (Maddalena
and McKone, 2008). Permethrin is used as a ‘residual’
pesticide (i.e., designed for long-lasting effectiveness)
and d-phenothrin as a ‘non-residual’ pesticide (i.e.,
only for immediate effectiveness). Chemically, the
difference between the two compounds is the substi-
tution of two methyl groups (—CH;) on the d-
phenothrin molecule with two chlorine atoms on the
permethrin molecule. Chlorine substitution makes
permethrin more likely to partition to surfaces and
more resistant to degradation.

In addition to direct exposure, another potential
hazard associated with pesticide use is exposure to
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degradation products of the primary chemicals. One
example occurs in the case of the insecticide malathion,
which is oxidized to the more toxic compound,
malaoxon, by reaction with the hydroxyl radical
(Brown et al., 1993). In the aircraft cabin environment,
ozone is of concern as an oxidizing agent. Permethrin
possesses a terminal dichlorovinyl group, a carbon-
carbon double bond with two chlorine atoms, and
cleavage of this double bond by ozone would be
anticipated to produce two primary carbonyls — a
carboxaldehyde and phosgene — as shown in Figure 1
(Dowideit and von Sonntag, 1998; Ruzo et al., 1986;
Class, 1991).

Phosgene is a highly toxic gas, infamous for its use as
a chemical warfare agent in World War I (CDC, 2006).
The dominant exposure route for phosgene is inhala-
tion. It is a pulmonary agent that causes respiratory
and cardiovascular failure at high concentrations. At
lower concentrations it can cause eye and throat
irritation, difficulty breathing, and coughing. Milder
symptoms may be immediate and more severe symp-
toms may be delayed for up to two days (ATSDR,
2007).

Ozone, a strong oxidant, is commonly present in
aircraft cabins owing to ventilation with ozone-con-
taining air of the upper troposphere and lower strato-
sphere. Federal Aviation Regulations state that ozone
is not to exceed 250 ppb at any time above 32,000 ft
and 100 ppb for a time-weighted average of any 3-h
period during flight above 27,000 ft (NRC (National
Research Council), 2002). Ozone levels on the order of
10-100 ppb can be encountered on US domestic flights
when planes are not equipped with ozone converters or
on transoceanic flights (Bhangar et al., 2008). Several
recent cabin air quality studies have established that
reactions with surfaces and surface-bound residues
consume a significant fraction of the ozone that enters
the cabin, and these reactions produce volatile byprod-
ucts of ozone-initiated chemistry (Wisthaler et al.,
2005; Tamas et al., 2006; Weschler et al., 2007; Cole-
man et al., 2008).

The production of phosgene from the reaction of
ozone and permethrin, both of which may be present in
the aircraft cabin, has been predicted (Ruzo et al.,
1986; Class, 1991), but not measured. To date, the
branching ratio or yield of phosgene formed from
ozonation of a compound that contains the dichloro-
vinyl group on a surface has been measured in only
one study, which was conducted with cypermethrin,
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Fig. 1 Permethrin might react with ozone at the double bond to
produce phosgene, a highly toxic substance
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another surface-bound insecticide (Segal-Rosenheimer
and Dubowski, 2007). In this investigation, the
researchers used a ‘thick’ layer (much greater than
one monolayer) of insecticide and very high concen-
trations of ozone (3-50 ppm). The yield, defined as
moles of phosgene formed per mole of cypermethrin
reacted, was estimated to be 6-10% in those experi-
ments. The reaction of ozone with a dichlorovinyl-
containing pesticide and the formation of phosgene
have not been measured under typical aircraft cabin
conditions.

The objective of this study was to determine if
phosgene could be formed at levels of concern in the
aircraft cabin environment from the reaction of ozone
with permethrin. The project was conducted in three
phases. First, a literature search was combined with
modeling estimates to evaluate the potential for phos-
gene formation under cabin-relevant conditions. Sec-
ond, laboratory experiments were performed in which
permethrin-sprayed cabin materials were exposed to
ozone at cabin-relevant conditions. As part of the
experiments, a derivatization method was developed to
detect low levels of phosgene. Third, results from the
experiments were incorporated into an ozone transport
and uptake model to estimate the upper limit of
phosgene levels to be expected in aircraft cabins.

Characterizing the potential for phosgene formation
Pyrethroid surface concentrations

There are two main methods of disinsection, ‘aerosol’
and ‘residual’ (WHO, 1995). The aerosol treatment is
applied as needed when flying to countries that require
disinsection; the insecticide is applied by discharging
aerosol cans along the cabin aisles before or during
flight. Airlines that frequently fly to regions that
require disinsection may opt to perform residual
treatment, where a much higher surface concentration
is applied less frequently. In the residual treatment, an
aqueous solution of insecticide is applied using a low-
pressure sprayer.

The two aerosol treatment procedures that involve
permethrin — ‘pre-flight’ and ‘pre-embarkation’ — are
designed to deliver 0.35 g of solution per m® using
aerosol cans containing 2% permethrin (in the case of
‘pre-embarkation’ treatment, the spray also contains
2% d-phenothrin). The number of cans used is based
on the size of the aircraft. In studies where cabin
insecticide residue levels have been measured, most
insecticide is concentrated on upward facing surfaces,
which is to be expected because of gravitational settling
of spray droplets. Using an estimated typical horizon-
tal surface area per volume in the cabin of ~1 m?/m?
and assuming that all of the permethrin sprayed lands
on these surfaces, the estimated surface concentration
of permethrin would be ~700 ng/cm?.



For residual treatment, WHO guidelines (1995) state
that an air spray gun or a pressure garden sprayer may
be used to deliver an aqueous solution of 2%
permethrin to all surfaces in an unoccupied cabin
approximately every eight weeks. This procedure is
designed to deliver a concentration of 20,000 ng/cm” to
treated surfaces.

In Figure 2, estimated surface concentrations from
WHO-recommended application rates are compared to
measured surface concentrations. Details of the surface
concentration studies are discussed in the following
paragraph. For reference, the concentration of a
monolayer of permethrin molecules on a smooth
surface corresponds to ~100 ng/cm?.

Berger-Preiss et al. (2004, 2006) measured insecticide
concentrations in the gas-phase and on surfaces during
and after spraying pyrethroid insecticides in planes
parked on the tarmac. The 2004 study aimed to
replicate in-flight spraying (e.g., ‘top-of-descent’), and
reported a median value of ~50 ng/cm? of pyrethrins
on upward surfaces. The 2006 study simulated a ‘pre-
embarkation’ treatment procedure, i.e. spraying shortly
before passengers board, and reported typical values of
~100-1200 ng/cm® of d-phenothrin on ‘mainly hori-
zontal areas.” A recent investigation by NIOSH of
pesticide illness among flight attendants reported
permethrin levels associated with residual disinsection
measured in a Boeing 747-400 aircraft by staff at
an unnamed airline (Sutton et al., 2007). Permethrin
levels on these surfaces varied by six orders of
magnitude, with a median of 160 ng/cm?, a mean of
59,000 ng/cm2, and a maximum of 3,600,000 ng/cmz.
An informal investigation by a flight attendant using
a wipe method found a surface concentration of
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170-690 ng/cm” of permethrin on a B747-400 that
had been subject to residual spray treatment (NRC,
2002).

In summary, these limited data suggest that residual
spraying of insecticides would commonly produce
residual levels on upward-facing surfaces in aircraft
cabins of the order of 100-1000 ng/cm? for permethrin,
although much higher levels may also occur. The mass
of permethrin in cabin air is estimated to be at least six
orders of magnitude lower than the mass on cabin
surfaces based on measured gas-phase (~1 ng/m’;
Spicer et al., 2004) and surface concentrations. This
comparison substantiates the appropriateness of focus-
ing on the fate of surface-bound rather than gaseous
permethrin.

Potential phosgene formation

To estimate the phosgene level that may be produced in
the cabin environment, we apply a material balance on
phosgene, as shown in Equation 1, that incorporates
the two major processes: the formation of phosgene
from reaction of ozone with permethrin-covered
upward-facing surfaces and the loss of phosgene by
means of ventilation.

dehos
dt

Sh

= Yy % Cozone — ;vCphos~ (1)

The rate of phosgene generation is expressed as the
product of several terms: yield, Y (moles of phosgene
formed per mole of ozone consumed in reaction with
the surface); deposition velocity, v4 (m/h); surface-to-
volume ratio for horizontal surfaces, S,/V (m?/m’);
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Fig. 2 Measured and recommended permethrin and d-phenothrin surface concentrations (Berger-Preiss et al., 2004, measured
pyrethrins). ‘Recommended’ surfaces levels were estimated from application rates recommended by the World Health Organization

(WHO, 1995)
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and cabin ozone level, Cy,one (ppb). The term account-
ing for phosgene removal represents the phosgene level
in the cabin air, Cpp0s (ppb), multiplied by the cabin air
exchange rate, 4 (per h). At steady state or on a time-
averaged basis, the cabin level of phosgene can be
estimated using Equation 2.

CozoneVd(Sh/ V)Y
Cppon o om0/ NIT. 2)

Representative values can be substituted for the
various parameters in Equation 2. A typical peak-hour
ozone level for US domestic flights without a converter
is 30 ppb (Bhangar et al., 2008). Based on chamber
and simulated cabin experiments, a typical value of vq4
is ~3 m/h (Tamas et al., 2006). A reasonable estimate
for the horizontal surface-to-volume ratio for the cabin
environment would be Sy/V ~1 m?/m>. A representa-
tive value for the outdoor air exchange rate (1) of the
aircraft cabin is ~10/h (NRC, 2002). Segal-Rosenhei-
mer and Dubowski (2007) estimated that the oxidative
yield (Y) of phosgene from cypermethrin was ~6—-10%;
a value of 10% (0.1) is used in this preliminary
estimate.

For these conditions, a phosgene level of 1 ppb
might be sustained in the aircraft cabin as a result of
ozone-induced oxidation of permethrin. Higher
phosgene levels could result from the presence of
higher-than-typical ozone levels. This analysis has
assumed that permethrin reacts with ozone at a rate
that is controlled by external mass transport of
ozone to cabin surfaces. If, on the other hand, slow
kinetics for ozone reacting with surface-bound
permethrin is the rate-limiting step, then the result
would be lower cabin phosgene levels than estimated
here.

Phosgene exposure guidelines

The US Environmental Protection Agency’s Integrated
Risk Information System lists a reference concentra-
tion (RfC) for chronic inhalation exposure to phosgene
of 0.3 ug/m?, which corresponds to 0.09 ppb in cabin
conditions (0.8 atm, 23°C). ‘The RfC is an estimate
(with uncertainty spanning perhaps an order of mag-
nitude) of a continuous inhalation exposure to the
human population (including sensitive subgroups) that
is likely to be without an appreciable risk of deleterious
effects during a lifetime’ (EPA, 2005).

The California Office of Environmental Health
Hazard Assessment has established an acute reference
exposure level for phosgene of 4 ug/m® or 1.2 ppb (at
0.8 atm and 23°C). This level applies to a one-hour
exposure period. Exposure at this level or below is
considered to be adequate to protect against mild
adverse effects from phosgene exposure (OEHHA,
1999).
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Occupational exposure limits are typically set at
much higher values than are environmental exposure
limits. The US Occupational Safety and Health
Administration’s Permissible Exposure Limit (PEL)
for phosgene is 0.4 mg/m® or 120 ppb (at 0.8 atm and
23°C; OSHA, 1986). The PEL is the concentration of
a substance to which most workers can be exposed
without adverse effect averaged over a normal 8-h
workday or a 40-h work week. Typically, the occupa-
tional limit would be considered to apply for workers
whose job entails either production of phosgene or its
use in chemical manufacturing.

Hence, the range of exposure limits for these various
guidelines is 0.09-120 ppb, dependent on the exposure
duration and the population that the standard or
guideline is intended to protect.

Phosgene chemical characteristics

Phosgene can undergo hydrolysis to form hydrochloric
acid (HCI) and carbon dioxide as shown here:

CLCO + H;0 — CO; + 2HCL

There is conflicting information about the rate and
importance of hydrolysis for phosgene degradation.
Dowideit and von Sonntag (1998) determined that
phosgene formed in water from ozonolysis of a
dichlorovinyl group is hydrolyzed to HCI so rapidly
(hydrolysis rate of ~9/s) that phosgene is considered to
be an intermediate product. The US Agency for Toxic
Substances & Disease Registry guidelines state that
phosgene is ‘not very water-soluble and hydrolysis is
slow’ (ATSDR, 2007). Kindler et al. (1995) studied the
atmospheric fate of phosgene and determined that it
rapidly hydrolyzes in aqueous solution, but that it is
not reactive toward water vapor. In the atmosphere
this means that hydrolysis could occur after uptake of
phosgene into cloud droplets; in the aircraft cabin, this
process might feasibly occur in surface-phase water on
materials.

In humid environments, water sorbs to certain
surfaces, depending on their chemical constitution.
For example, cotton will sorb water to an extent of
7% of its dry weight at 70% relative humidity (RH);
however, Teflon resists sorbing water at any RH
(Destaillats et al., 2006). The relative humidity in
aircraft cabins during extended cruise flight is quite
low, typically ~10%, because the ambient air, which is
the supply air of the cabin, is virtually free of water at
cruising altitude (9—12 km). The only significant steady
source of RH in the cabin is from respiration and
evaporation of water from passengers’ skin (NRC,
2002). Although RH in the cabin during flight is low,
some water is likely associated with most surfaces
during some portion of a typical flight, and there is the
potential for elevated local RH on the surfaces in near



proximity to the passengers. The effect of surface
moisture on phosgene formation is unknown. Most
experiments in this study were conducted under very
low relative humidity, mimicking the conditions
expected for the aircraft cabin and minimizing the
possibility of phosgene decomposition by hydrolysis.

Experimental investigations

Laboratory research was undertaken to develop a
method to detect low levels of phosgene, perform a
calibration using that method, and then measure
phosgene formed from permethrin applied to real
cabin surfaces and exposed to ozone under cabin-
relevant conditions. A preliminary set of experiments,
described by Coleman (2009), was also conducted in
which direct gas-phase detection of phosgene was
attempted using gas chromatography with electron
capture detection (GC-ECD).

Materials

Permethrin (1000 pg/ml in methanol), phosgene (20%
in toluene), triethylamine (=99%), and 3,4-dimerca-
ptotoluene (=97%) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Methanol high
performance liquid chromatography grade (HPLC
grade) was purchased from Fisher Scientific
(Pittsburgh, PA, USA).

Detection method and chemical analysis

Gaseous phosgene was sampled by bubbling air
through liquid in an impinger. The impinger arrange-
ment is shown in Figure 3, and the derivatization
reaction is illustrated in Figure 4. The impinger solu-
tion contained toluene with 3,4-dimercaptotoluene
(DMT), a phosgene derivatizing agent, and tricthyl-
amine (Et;N), a catalyzing agent. The derivatization

300 ml/min Pump/
Exhaust
% ° Impinger
o °0
° ¢ ° °
° o Toluene with
DMT (o),
EtsN
Air with N (o),

and derivatized

Phosgene (°) Phosgene (8)

Fig. 3 Schematic of the derivatization technique for phosgene.
Gaseous phosgene is bubbled through a liquid solution of tol-
uene containing the derivatizing agent dimercaptotoluene
(DMT), and a catalyzing agent triethylamine (Et;N)
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Fig. 4 Derivatization reaction for phosgene with dimercapto-
toluene and triethylamine based on the work of Muir et al.
(2005)

product is referred to here as phos-DMT. An earlier
study by Muir et al. (2005) served as the basis for the
phosgene detection method developed in this study.

Liquid injection of impinger solution was analyzed by
gas chromatography (GC; Agilent 6890, Santa Clara,
CA, USA) with electron capture detector (ECD; Agilent
G2397-65505) and mass selective detector (MSD; Agi-
lent 5975). In this configuration, the sample was split
between the ECD and the MSD, which provided the
advantage of having high sensitivity chromatographic
detection of halogenated compounds, but also mass
detection of compound fragments. The MSD was
operated in regular full-scan and in selective ion mon-
itoring (SIM) mode in some cases to achieve higher
sensitivity to the phosgene derivative. The ions detected
in SIM mode were at m/z ratios of 182, 154, and 121.

The derivatizing solution contained 0.4 mM DMT
and 6 mM Et;N. The impinger contained 3 ml of
derivatizing solution in 1 h experiments and 6 ml of
derivatizing solution in 4 h experiments. The impinger
was submerged in an ice bath to minimize volatilization
of the toluene or derivatizing agents. The impinger
solution was immediately removed after an experiment
was conducted and analyzed on the GC-ECD-MSD.
Duplicate samples — sealed and kept at room temper-
ature — from the same experiment were run within 24 h
and showed good repeatability.

Calibrations

Two phosgene-derivative calibrations were performed:
(1) a “direct’ derivatization calibration in which phos-
gene was injected into impinger solution and analyzed,
and (2) a ‘bag’ calibration in which phosgene was
added to a bag and bubbled through the impinger
solution as it would be in an experiment.

Direct calibration. The direct calibration was per-
formed by adding various dilutions of phosgene in
toluene to 3 ml of impinger solution (which had not
had air bubbled through it) and injecting 1 ul samples
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of the solution into the GC-ECD-MSD. The number
of moles of phosgene injected onto the column (in the
form of phos-DMT) was calculated from the amount
of phosgene added to the solution and the size of the
injection; 100% derivatization was assumed. Calibra-
tion points included 0.3, 0.6, 1.25, and 2.5 pmol
injected onto the column. The calibration curve
exhibited good linearity (R*> = 0.989 for MSD in
SIM mode and R® = 0.996 for ECD) for 0.6 to
2.5 pmol on the column. The lowest calibration point,
0.3 pmol, could not be detected with the ECD and was
not reliably detected with the MSD.

Of the detection methods tested (ECD, MSD full
scan, and MSD in SIM mode), phos-DMT detection
by MSD in SIM mode proved to be optimal, and this
detection method is emphasized throughout the
remaining sections. The lower limit of detection was
0.6 pmol of phosgene on the column. The study from
which this method was adapted was able to achieve a
lower limit of detection of 0.2 pmol on the column
(Muir et al., 2005).

Bag calibration. The bag calibration was performed by
injecting a known amount of phosgene diluted in
toluene into a 100 1 Teflon bag filled with clean, dry air.
Phosgene-containing air was drawn from the bag,
through the impinger, derivatized in situ, using a
vacuum-induced flow rate of 300 ml/min. After 1 h
(18 1sampled), the experiment was stopped, the volume
of the remaining impinger solution was measured
(typically 2 ml of the 3 ml remained), and 1 ul samples
of impinger solution were injected into the GC-ECD-
MSD.

Calibration experiments were conducted for 1, 2, 5,
and 10 ppb of phosgene in a bag. The height of the
peak corresponding to 2 ppb was at least three times
greater than the fluctuation in the baseline of the
chromatogram, but the peak for 1 ppb was not. Thus,
the lower limit of phosgene detection with this impin-
ger and derivatization method was established to be
2 ppb of phosgene. Phosgene levels of 2, 5, and 10 ppb
produced a linear calibration curve (R> = 0.94).

Experiments

Individual materials including glass and aircraft cabin
surfaces (carpet, seat fabric, plastic wall covering) were
sprayed with permethrin and exposed to ozone in a
chamber. The conditions of the experiments are shown
in Table 1. The 40-1 cubic chamber was constructed
from Teflon sheets (Figure 5). Before each experiment,
the chamber was cleaned with methanol wipes, and the
chamber was quenched with ozone.

Four materials were tested; glass, carpet, plastic, and
seat fabric. Borosilicate glass plates (25 cm x 25 cm X
0.32 cm, McMaster-Carr, Atlanta, GA, USA) were
used as the nonreactive, smooth surface in chamber
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Table 1 Conditions of permethrin oxidation experiments with impinger derivatization
detection technique®

Exhaust  Permethrin

ozone coverage Experiment  AER

Expt ID  Material (ppb)b (ng/cmz) duration (h)  (per h)  RH (%)
1 Glass (long, blank) 170 0 4 45 <1
2 Glass (long) 170 1700 4 45 <1
3 Glass (blank) 170 0 1 45 <1
4 Glass (base case) 150 1700 1 45 <1
5 Carpet ~90 1700 1 45 <1
6 Wall covering 160 1700 1 45 <1
7 Seat fabric ~80 1700 1 45 <1
8 Glass (high ozone) ~~600 1700 1 fIt5 <1

The base-case and deviations from the base-case conditions are shown in gray.
®The ozone supply level was 170 ppb in all experiments except experiment 5 in which the
supply level was 150 ppb and experiment 8 in which the supply level was ~600 ppb.

experiments and had an area of 625 cm?. Samples of
cabin surfaces (carpet, plastic, and seat fabric) were
obtained from manufacturers and airlines via Boeing.
The plastic sample was from a new (unused) plastic-
coated wall covering. The carpet sample was from a
used runner (aisle carpet) that had been in service on an
aircraft for approximately 18 months since cleaning
(total duration in service was unknown). The seat
fabric sample was from used seat covering that had
been in service for 18 months since its last cleaning.
Cabin material samples were 25 cm X 23 cm for a
nominal surface area of 580 cm?.

As shown in Figure 5, ozone-containing dry air was
introduced through a nozzle in the top of the chamber,
33 cm above the plate or material, at a flow rate of
3.0 I/min (corresponding to an air exchange rate, AER,
of 4.5/h); the chamber outlet was located 8 cm from the
front and 8 cm from bottom of the chamber on the
right side. From the outlet flow, 1.4 1/min was diverted
to an ozone monitor, 300 ml/min was bubbled through

Air and ozone

(3 I/min)
34 cm (
35cm
34 cm
25cm
25cm
I > Exhaust
I 7]
[ I

Bubbled through impinger
(300 ml/min)

Fig. 5 Schematic of 40-1 Teflon chamber for continuous flow,
surface-bound permethrin oxidation experiments



an impinger using a vacuum pump, and the remainder
was exhausted. Most experiments lasted 1 h; some
experiments were conducted for a longer period of 4 h.

The chamber AER (4.5/h) was approximately one-
half to one-fourth of the typical cabin AER (10-20/h).
The ozone level in the supply was 150—170 ppb, which
is higher than typical, but consistent with aircraft
ozone regulations and within the range of measured
concentrations. One experiment was performed under
‘extreme’ conditions with a very high ozone level of
600 ppb and a low AER of 1/h. Relative humidity is
low during flight, ~10% RH, and was kept as low as
possible in experiments, <1%, to minimize the possi-
bility of hydrolysis.

A mass of 1 mg of permethrin (as a 1 ml solution of
1000 ug/ml in methanol) was sprayed onto the plate or
cabin material using a Badger® airbrush spray gun
(Badger, Franklin Park, IL, USA; part number 350
with fine tip) (Wells et al., 2008). The methanol was
allowed to evaporate for 5 min, and then the glass plate
or material was placed in the bottom of the chamber
immediately prior to starting the experiment. This
method delivered a nominal surface coverage of
~1700 ng/cmz, which is ~17x the nominal monolayer
coverage rate (~100 ng/cm?) and comparable in mag-
nitude to ‘pre-flight’ or ‘pre-embarkation’ insecticide
spraying guidelines (~700 ng/cm?). At this level, there
was a visible residue on the glass but not on cabin
surfaces. The surface-to-volume ratio of the permethrin
sprayed area in the test chamber was 1.5 m?/m? similar
to the S/V ratio for horizontal surfaces in the cabin
(the surfaces most likely to be coated in permethrin) of
~1 m?/m?.

Results

The ‘base case’ experiment was performed with a glass
plate coated in 1700 ng/cm? of permethrin exposed to
150 ppb O3 for 1 h (Table 1). Experiments were also
conducted under the base-case conditions with real
cabin materials: carpet, seat fabric, and plastic. Varia-
tions on the baseline experimental conditions were
performed to determine the effects of certain experi-
mental parameters: a longer experiment was performed;
an experiment with much a higher ozone level was
performed (which necessitated reducing the AER
because of system limitations); and a blank experiment
was performed with no permethrin. Phosgene forma-
tion was not detected in any of the experiments.

The presence of chlorine atoms adjacent to the double
bond in permethrin are likely responsible for permeth-
rin’s low reactivity with ozone. Chlorine atoms tend to
withdraw electron density from the double bond in
permethrin, causing the bond to be less reactive with
ozone. The effect of neighboring chlorines on ozone
reactivity can be illustrated with chlorine-substituted
ethene-based molecules. The substitution of one chlo-
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rine atom reduces the reactivity of ethene by 35x (Ljubic
and Sabljic, 2002) and substituting two chlorine atoms
for hydrogen atoms reduces the reactivity of ethene by
240x (Avzianova and Ariya, 2002). In the system under
study here, it does not appear that a surface-enhanced
reaction is occurring between ozone and permethrin.

Another, indirect pathway for phosgene formation is
possible in an ozone-permethrin system. The reaction
of ozone with an alkene is a chain-initiating reaction
that produces other oxidizing agents such as the
hydroxyl radical (OHe), which reacts much more
rapidly than ozone with alkenes (Atkinson and Arey,
2003). Ozone could feasibly react with other unsatu-
rated compounds on an indoor surface, form OHe, and
OHe could then react with permethrin to form phos-
gene. The formation of phosgene from OHe radical-
oxidation of a gas-phase dichlorovinyl compound,
dichlorvos, has been detected (Feigenbrugel et al.,
2006). However, phosgene was not detected in the
present experiments, even with ozone-reactive aircraft
cabin materials serving as the substrate.

Another possibility, that could have occurred even if
the reaction is slow, is that phosgene was formed but
was subsequently hydrolyzed to HCI on the surface.
Materials were exposed to lab air at ~50% RH for
several hours before being placed in the chamber and
water could have remained sorbed to material surfaces
during the experiments reported here. However, it is
unlikely that the materials used in the present study
had substantially more sorbed water than materials in
aircraft cabins.

Implications for phosgene exposure in aircraft cabins

In the 40-1 chamber experiments, the maximum con-
centration of phosgene that could have been formed
and remained undetected is <2 ppb. If we assume that
phosgene was being produced in the chamber, and (for
estimation purposes) that production is occurring at a
steady-state rate throughout the experiments, then the
phosgene concentration in the chamber is reasonably
approximated by Equation 2, where S}, corresponds to
the permethrin-sprayed surface area of the substrate
material in the chamber.

Equation 2 can be rearranged to determine the
maximum possible deposition velocity, V4 max, to the
permethrin-coated surface given the maximum possible
phosgene level, Cphosmax. that could have been pro-
duced and remained undetected, as shown in Equation
3. A maximum phosgene yield of 0.1 is assumed in the
following calculations.

Cphos max/l
Cozone(Sh/ V) Y ( )

~
Vd,max ~

For base-case conditions (experiment 4, Table 1),
the maximum deposition velocity of ozone to a
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permethrin-coated surface is:

2 ppb x 4.5/h
150 ppb x 1.5/m x 0.1

=0.4m/h = 0.01 cm/s.

~
Vd,max ~

Phosgene formation was not detected under even
more severe conditions in the high ozone, low AER
experiment, which indicates an even lower maximum
deposition velocity. Under these conditions (experi-
ment 7, Table 1), the maximum deposition velocity is:

, N 2ppb x 1.5/h
dmax ™ 600ppb x 1.5/m x 0.1
=0.03m/h = 0.001cm/s.

Deposition velocities determined in an experimental
chamber setting can be extrapolated to an environment
of interest, in this case the aircraft cabin environment,
using a model of ozone transport and uptake devel-
oped by Cano-Ruiz et al. (1993) and Morrison and
Nazaroff (2002). The extrapolation calculation involves
determining the reaction probability of the material (or
as in this case, a chemical residue) and the flow
conditions in both environments. Reaction probability,
y, represents uptake efficiency and is defined here as the
rate of ozone uptake by permethrin divided by the rate
at which ozone strikes the surface. As shown in
Figure 6, reaction probabilities of cabin materials
(and most indoor surfaces) are in the tramsition or
transport-limited deposition regimes (Coleman et al.,
2008). Thus, deposition velocity commonly depends on
airflow conditions, which are parameterized by the
friction velocity, u*. However, the estimated deposition
velocity for permethrin is very low, indicating that the
reaction of ozone on a permethrin-coated surface
would be in the kinetically limited regime, for which

| BRI BT BT AU R BT TTT BT AW T BT ETIT ST TS E e SR |

Kinetic-limited Transition _ Transport-

104 regime regime limited regime L

» 3 E
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o E 3
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Reaction probability, y

Fig. 6 Deposition model for reactive gas uptake on indoor
surfaces (Cano-Ruiz et al., 1993; Morrison and Nazaroff, 2002)
with kinetically limited, transition, and transport-limited depo-
sition regimes shown. The measured data points are from
chamber studies of ozone deposition to cabin materials (Cole-
man et al., 2008). The reaction probability for ozone with sur-
face-bound permethrin was found to be <1077
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the rate is independent of flow conditions. The depo-
sition velocity in the kinetically limited regime is
related to the reaction probability by Equation 4
(Cano-Ruiz et al., 1993).

. gy (4)

The Boltzmann velocity, (v), is 3.6 X 10* cm/s for Os
at 293 K. This equation can be rearranged to deter-
mine the maximum reaction probability for a permeth-
rin-covered surface:

_4x0.001 em/s

~ =10". 5
3.6 x 10* cm/s ©)

Vmax

Because the uptake of ozone by permethrin is in the
kinetically limited regime, the deposition velocity
measured in the chamber can be used directly for
estimating conditions in the cabin. The steady-state
approximation is employed here to determine an
approximate upper bound on the time-averaged phos-
gene level in the cabin. Substituting typical values for
the cabin environment without an ozone converter
(30 ppb O3, ~1/m for horizontal S/V ratio, and an air
exchange rate of 10/h), one obtains an estimate for the
maximum phosgene concentration in the cabin of
0.009 ppb or 0.03 pg/m®.

30 ppb x 0.03m/h x 1/m x 0.1
10/h
=0.009 ppb = 0.03 ug/m® (aircraft, typical).

CphOS

Under more extreme conditions, the ozone level
might be as high as 200 ppb (Bhangar et al., 2008) and
the surface-to-volume ratio for material coated in
permethrin might be higher, for example, ~5/m. In this
case the maximum phosgene level might conceivably be
1 pg/m?, or ~50x higher than the estimate for typical
conditions.

200 ppb x 0.03m/h x 5/m x 0.1
10/h
= 0.3 ppb = 1 ug/m’> (aircraft, upper limit).

Cphos

The experiments in this study indicate that ozone-
permethrin reactions in the cabin could be responsible
for — at maximum — a phosgene level of 1 ug/m>. This
study supports a conclusion that the OSHA limit of
400 pug/m’ would certainly not be exceeded in aircraft
cabins. Phosgene formation also appears unlikely to
exceed the OEHHA limit of 4 ug/m®. Acute exposure
at or below this guideline is considered to be adequate
to protect against mild adverse health effects (OEHHA,
1999); thus, in the absence of specific guidelines for



aircraft cabins, this seems to be an appropriate
indicator for evaluating aircraft cabin exposures. The
most stringent phosgene exposure guideline is the
USEPA’s RfC of 0.3 ug/m®, which is designed to
protect even sensitive populations from adverse effects
owing to chronic low-level exposures. It seems that
sensitive persons would be unlikely to fly frequently, so
this guideline may be overly stringent for a health-risk
assessment in aircraft cabins.

Permethrin, ozone, and phosgene in other indoor environments

Permethrin is the most frequently used pyrethoid
pesticide in the US (ATSDR, 2003). It is approximated
that 2 million pounds of permethrin are applied in the
United States each year, ~30% by homeowners, ~40%
by professionals in non-agricultural settings, 3% in
mosquito abatement programs, and the remainder in
agricultural settings (EPA, 2006). Permethrin is also
registered for use in lice shampoo (EPA, 2006).

The relevant differences between aircraft cabins and
building environments are that building air-exchange
rates are much lower, the typical relative humidity in
buildings is higher (~50%), and the surface area per
volume is somewhat lower than in the cabin environ-
ment (Coleman, 2009). Ozone is present in buildings
and homes because of ventilation with ozone-contain-
ing outdoor air. It may also be present because of an
indoor source such as an ozone-generating ‘air purifier’
or certain office equipment. Methods of pyrethroid
application are similar in the aircraft cabin as in
buildings — spray cans, foggers, and pressurized spray-
ers — and the resulting surface concentrations are
similar to those in the cabin. Matoba et al. (1998) used
the ‘crack and crevice’ method to apply d-phenothrin in
a chamber experiment that simulated spraying in an
apartment (23 m® chamber volume, AER = 1.5/h,
60% RH). As shown in Figure 2, the average concen-
tration on the floor (the only horizontal surface) was
220 ng/cm? after spraying.

If phosgene were formed at low levels in building
environments owing to ozone reactions with chlori-
nated insecticides, it could be a cause for concern.
One can substitute typical values for residential and
commercial environments into Equation 2 to approx-
imate the maximum possible phosgene levels expected
in buildings based on the experiments reported here.
A typical indoor ozone concentration is ~10 ppb and
the surface-to-volume ratio for permethrin sprayed
surfaces is likely to be ~ 1 m?/m>. Air exchange rates
in buildings are about an order of magnitude lower
than in aircraft cabins, ~1/h (Murray and Burmas-
ter, 1995) vs. ~10/h (NRC, 2002). The estimated
maximum deposition velocity for buildings is the
same as for the chamber because the deposition
velocity was determined to be kinetically limited.
Therefore,

Ozone-permethrin reactions in aircraft cabins

<10 ppb x 0.03m/h x 1/m x 0.1
1/h
= 0.03 ppb = 0.1ug/m’ (buildings, typical).

Cphos

The value calculated for typical conditions is of
similar magnitude to the reference concentration of
0.3 ug/m’> for chronic inhalation exposure recom-
mended by the EPA (EPA, 2005). Members of sensitive
populations (very young, very old, and ill people), for
which this health guideline may be most important, are
not likely to spend much time in flight, but do spend a
significant amount of time in their homes and in other
buildings (such as hospitals).

While small amounts of permethrin may be
degraded by ozone-initiated chemistry, the dominant
removal or degradation mechanism for permethrin
and similar compounds in the indoor environment
remains unknown. In soil, permethrin is degraded by
aerobic and anaerobic degradation or photolysis
(CDPR, 2003). However, these degradation pathways
are likely to be much less rapid in the indoor
environment.

Conclusions

Phosgene was identified as a potential reaction product
of ozone and permethrin, the latter being the most
common aircraft cabin residual insecticide. Published
studies indicate that surface levels of permethrin in
aircraft cabins that have been recently treated (within
weeks) are 10-1000 ng/cm” or higher. Based on likely
levels of surface permethrin and cabin-air ozone, it was
deemed conceivable that phosgene production could
occur in planes at levels of potential concern with
regard to health guidelines.

A derivatization method was developed to detect
gaseous phosgene with a lower limit of detection of
2 ppb. Experiments were conducted in which permeth-
rin-coated glass and cabin materials (carpet, seat
fabric, and plastic) were exposed to ozone under
cabin-relevant conditions in a continuously ventilated
chamber. Phosgene was not detected in any of the
experiments, presumably because the chlorine atoms
neighboring the double bond in permethrin are
strongly electron withdrawing, which greatly reduces
the tendency of ozone to react at this site.

Based on these experiments, it does not appear
likely that ozone reaction with permethrin is a
significant source of phosgene in the aircraft cabin
environment. These experiments did not conclusively
prove that phosgene is not formed, rather that the
formation rate is below a certain level. It was
estimated that phosgene formation, if it occurs in
the cabin, is not likely to exceed relevant health
guidelines (<1 ppb), even under the highest reported
levels of ozone in aircraft cabins.
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