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Monitoring of tricresyl phosphate (TCP) contamination of cockpit air was undertaken in three
types of military aircraft [fighter trainer (FT), fighter bomber (FB), and cargo transport (CT)
aircraft]. The aircraft had a previous history of pilot complaints about cockpit air contamina-
tion suspected to originate from the engine bleed air supply through the entry of aircraft tur-
bine engine oil (ATO) into the engine compressor. Air samples were collected in flight and on
the ground during engine runs using sorbent tubes packed with Porapak Q and cellulose fil-
ters. A total of 78 air samples were analysed, from 46 different aircraft, and 48 samples were
found to be below the limit of detection. Nine incidents of smoke/odour were identified during
the study. The concentrations of toxic o-cresyl phosphate isomers were below the level of de-
tection in all samples. The highest total TCP concentration was 51.3 pg m ™2, while most were
generally found to be <5 pg m > compared with the 8-h time-weighted average exposure limit
of 100 pg m™? for tri-o-cresyl phosphate. The highest concentrations were found at high en-
gine power. Although TCP contamination of cabin/cockpit air has been the subject of much

concern in aviation, quantitative data are sparse.
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INTRODUCTION

Occurrence of bleed air contamination

Cockpit/cabin air contamination in both military and
commercial aircraft may be due to a number of
possible sources (NRC, 2002; Winder, 2006a,b;
Murawski and Supplee, 2008). In Australia, during
the 1990s, a series of widely publicized incidents oc-
curred when passengers and crew claimed to have
suffered acute and chronic health effects after expo-
sure to smoke and fumes in the BAe 146 passenger
aircraft (Easdown, 2010).

Aircraft cabin air contamination from the Envi-
ronmental Control System (ECS) has been of fore-
most concern throughout the world (Hood, 2001;
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Acohido, 2002; Winder, 2006b; Murawski and
Supplee, 2008). The ECS uses engine bleed air to
pressurize and ventilate the cockpit and cabin. Under
certain circumstances, this may result in air contam-
ination (in the form of smoke and odour) from the
aircraft turbine engine oil (ATO), which contains
many substances including an anti-wear agent [tri-
cresyl phosphate (TCP)], phenyl-a-naphthylamine
(PAN), and dioctyldiphenylamine (DODPA) as anti-
oxidants in synthetic liquid polyester base (Australian
Parliament Senate, 2000; Great Britain Parliament,
2000, Winder and Balouet, 2002; Hanhela et al.,
2005a,b).

In most jet aircraft, the ECS utilizes air from the
compressor stage of the engine, where temperatures
may exceed 350°C (NRC, 2002; Lebele-Alawa
et al., 2008) or even 500°C (van Netten and Leung,
2000). The air is cooled by passage through air/air
and air/water heat-exchangers and then through a water
coalescer consisting of a fabric bag impregnated with
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a synthetic wax. In addition to supplying the cockpit
and cabin, the air is also used to cool the avionics.

The detection of TCP in aircraft

The potentially neurotoxic TCP (Fig. 1) anti-wear
additive used in ATO has received much attention
(Mackerer et al., 1999; Australian Parliament
Senate, 2000; Great Britain Parliament, 2000; van
Netten and Leung, 2000; Winder and Balouet,
2002; Hocking, 2005, Winder, 2006a,b; Murawski
and Supplee, 2008). Although there was much spec-
ulation about the effects on the passengers and crew,
earlier studies could not identify the presence of TCP
in the cabin air (Great Britain Parliament, 2000;
Nagda et al., 2001; CAA, 2004).

In 2005, Hanhela et al. reported the preliminary
results of a survey of military aircraft for bleed air
contamination from TCP, PAN, and DODPA as well
as organophosphates from hydraulic fluids. The TCP
concentration during a cockpit smoke event was also
reported. Subsequently, two reports presented a few
airborne TCP measurements for the BAe146 and the
Boeing 757 (Muir et al, 2008; van Netten, 2009).

Toxicity of TCP

The most toxic components of ATO are some of
the 10 TCP isomers. Most organophosphates exert
their acute toxic effects by the suppression of acetyl-
cholinesterase, which can cause respiratory failure
due to neuromuscular block. However, organophos-
phates such as TCP are also able to induce a delayed
(1-2 weeks) neurodegenerative condition known as
organophosphate-induced  delayed  neuropathy
(OPIDN), which is known to affect both the central
and peripheral nerves of birds and mammals
(Nomeir and Abou-Donia, 1986; Mortensen and
Ladefoged, 1992; Daughtrey et al., 1996; Fowler
et al., 2001; Abou-Donia, 2003). The relationship
between the chemical structure of many pure triaryl
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Fig. 1. TCP (omp-isomer).

phosphates and potency in causing OPIDN has been
extensively studied and the relative neurotoxic activ-
ities of these compounds are well known. It has been
recognized for at least 50 years that alkyl substitu-
ents at the ortho positions of the aromatic rings are
responsible for the neurotoxic activity of TCP
(Henschler, 1958, 1959). TCP synthesized from only
m-cresol and p-cresol does not cause OPIDN (Mack-
erer et al., 1999) but the possibility of chronic toxic-
ity of this isomeric mix cannot be dismissed.

TCP (bp;g ~265°C; Merck Index, 1976) is com-
monly manufactured from the reaction phosphorus
oxychloride and a mixture of phenols, predominantly
cresols, but other alkylated phenols are also present
(Craig and Barth, 1990, 1999). Cresols occur in the
form of three structural isomers, meta (m), para (p),
and ortho (o) which are difficult to separate because
of similar boiling points (202, 201.8, and 191-
192°C, respectively) (Merck Index, 1976). These
isomers react in various combinations to form 10
structural isomers of TCP (Winder and Balouet,
2002). The oxx-isomers (where x = m/p-cresyl) are
regarded as the most toxic; 10 times more toxic than
the tri-o-cresyl isomer and 2 times more toxic than the
di-o-isomers. Hence, the toxicity of TCP is related to
the o-cresyl isomer content with the m- and p-cresyl
isomers having low toxicity (Henschler, 1958). Other
o-alkyl substituted phosphates, such as those derived
from ethyl phenols and xylols, are also neurotoxic
(Craig and Barth, 1990, 1999). However, the toxicity
of o-alkyl phosphates declines with the length of the
alkyl group (Johannsen et al., 1977) and the number
of substituents. For example, xylol phosphate esters
are far less toxic than TCP (Henschler, 1959). In ad-
dition, these compounds are present as trace impuri-
ties in TCP and are difficult to quantify occurring
with a myriad of other phosphates in the liquid chro-
matogram (Kibby et al., 2005).

The concentrations of TCP in a commonly used
ATO have been reported to be ~2.5% with the
mmm- and mmp-isomers constituting the major com-
ponents of TCP (De Nola et al., 2008). In ATO man-
ufactured after 2001, the oxx-isomers were found to
be in the range of 2040 ug 17", while the oox- and
ooo-isomers were below the limits of quantitation
for the method. Earlier formulations of ATO con-
tained TCP manufactured from cresols with higher
o-cresol isomer content (Craig and Barth, 1990,
1999; De Nola et al., 2008).

Australian Defence Force aircraft

To varying degrees, similar problems of cockpit
smoke and fumes occur in Australian Defence Force
(ADF) aircraft. A survey of ADF aircraft by the
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Institute of Aviation Medicine (Royal Australian Air
Force) over a 5-year period has catalogued inciden-
ces (Aviation Safety Occurrence Reports) of smoke
and fumes in the cockpit/cabin (Singh, 2005). In
1987, Hercules C-130 aircraft were identified as be-
ing particularly problematic and incidents of odour
were so severe that operations were restricted. A
subsequent investigation, however, identified traces
on the ECS water coalescer of such an aircraft but
not in the flight deck air (Kelso ez al., 1988).

The aim of the study

The aim of this study was to develop a procedure
for air monitoring of TCP in aircraft cockpit/cabin
air and to survey TCP airborne concentrations in
ADF aircraft in order to assess the potential risk to
health of ground and flight crew from TCP exposure.

This report constitutes part of a study of organo-
phosphate and amine air contamination in ADF air-
craft (Hanhela et al., 2005a,b; De Nola er al., 2008).

EXPERIMENTAL

Materials and reagents

Tri-o-cresyl phosphate (96%), tri-p-cresyl phos-
phate (98%), and tri-m-cresyl phosphate (97%) were
purchased from Acros Organics; TCP (a mixture of
o-, p-, and m-isomers) was purchased from Fluka.
Mobil Jet Oil II, batch E3C503, 21 April 03
(~2.5% TCP) was used as the ATO reference. Iso-
hexane (Riedel-de-Haen Chromasolv) and dichloro-
methane (Unilab, redistilled) were used in the
extraction of TCP from the filters and sorbents.
PALL Life Sciences GN-4 Metricel (0.8 pm and
37 mm) hydrophilic mixed cellulose esters filters
were used with a cellulose support pad and these
were fitted into styrene acrylonitrile 37-mm Air
Monitoring Cassettes. Porapak Q (50/80 mesh) was
obtained from Altech Associates, Pty Ltd, Baulkham
Hills, New South Wales, Australia.

Aircraft

The fighter trainer (FT), fighter bomber (FB), and
cargo transport (CT) aircraft were introduced into
service in 2001, 1973, and 1978/1999, respectively.
In the case of the CT and FB aircraft, crews observed
air contamination at high engine thrusts during take-
off and ground engine runs at high power. Air mon-
itoring in the cockpit of the FT aircraft was initiated
after complaints of ‘smoke’ in the cockpit during the
operation of the Auxiliary Power Unit (APU). The
APU supplies power and cooling air while the air-
craft is on the ground and the main engine is not

operating. In all cases, the aircraft used the same
brand of ATO made to NATO code, O-156; USA
and UK military specifications, MIL-PRF-23699f
and Def. Stan. 91-101 Issue 3, consisting of
a pentaerythritol/fatty acid polyester base, designed
to operate under the high temperatures of a jet engine
and the low pressures of high altitude flight. Com-
mercial aircraft use similar or identical products
(Winder and Balouet, 2002).

Sampling of ECS heat exchangers and coalescer
bags for TCP

TCP contamination of ECS heat exchangers was
determined by rinsing the isolated units with acetone
(~500 ml) and concentrating the extract to ~20 ml
on a rotary evaporator under reduced pressure. The
coalescer bags were placed in a soxhlet extractor
and extracted for ~6 h with acetone (500 ml). In both
cases, the extracts were concentrated to ~20 ml and
analysed by gas chromatography (GC) with a pulsed
flame photometric detector (PFPD) (vide infra) with
a 5-pl injection. The analysis was not quantitative.
All other extracts and calibration standards were
confined to iso-hexane medium.

Relevant air sampling methods

The monitoring approach adopted in this study has
been based on other semi-volatile compounds such
as sulphur mustard [1,1-thiobis(2-chloroethane);
bp. 216°C] chemical warfare agent, using Porapak
Q (Muir et al., 2005). In this case, extraction with
hexane yielded quantitative recovery. Similarly, hex-
ane had been used for the extraction of TCP from
Porapak Q sorbent after air sampling for TCP in air-
craft cockpit air (Kelso et al., 1988).

Glass fibre filters have also been used for sampling
of oil aerosols. Recovery studies involved spiking
with mineral oil. In these cases, extractions were car-
ried out with cyclohexane (Simpson ez al, 2000,
2003), dichloromethane (Bjorklund et al., 2004, Staaf
and Ostman, 2005), or carbon tetrachloride (NIOSH,
1996) after a predetermined amount of air had been
passed through the filters to simulate air sampling.

Airborne organophosphate flame retardants and
plasticizers have also been sampled using glass fibre
filters and the samples were recovered by extraction
with dichloromethane (Bjorklund et al., 2004, Staaf
and Ostman, 2005). Air concentrations of organo-
phosphate pesticides have also been determined by
sampling using XAD-4 sorbent and samples were
recovered by extraction with ethyl acetate (Harnly
et al., 2005).

More recently, a comprehensive study of monitoring
techniques for airborne organophosphate-containing
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lubricating oils was reported (Solbu et al., 2007). Of
the five sorbents examined, Chromosorb 106 (polysty-
rene, Castello and D’ Amato, 1982) provided the best
recovery when extracted with dichloromethane com-
pare with other solvents (Solbu et al., 2007). In addi-
tion, glass fibre (1.6 pum) filters were used for air
sampling of the oil mist with sample recovery by ex-
traction with dichloromethane (Solbu et al., 2007).
Mixed cellulose ester fibre filters and glass fibre filters
are commonly used for collection of oil mist samples
(Menichini, 1986; Simpson et al., 2000, 2003) and
are recommended by NIOSH (1996).

In a 2007 study for the UK Department of Trans-
port, thermal desorption tubes, packed with Tenax
and carbon molecular sieves and SPME (diffuse
sampling) were used to monitor for volatile and
semi-volatile compounds including TCP (Muir
et al, 2008). However, given the low volatility of
TCP, thermal desorption is unlikely to be the ideal
method of sample recovery for TCP.

Sampling procedures used in this study

In this study, aircraft air was sampled using filters
and sorbent (Porapak Q) tubes. It can be reasonably
expected that because of its low volatility, ATO and
it components are present in air as an oil mist (liquid
aerosols) and thus can be sampled on filters using
NIOSH Method 5026 (NIOSH, 1996) for oil mists
without significant loss of vapour (Simpson et al.,
2000, 2003; Solbu et al., 2007). For situations
where engine operating times were short (i.e.
ground engine runs), 0.8-pum membrane filter
cassettes were used at high flow rates for air
sampling of TCP. For longer sampling periods, sor-
bent tubes were used at low flow rates. The sam-
pling was managed by ground and flight crews
who were instructed to ensure maximum sampling
periods and encouraged to take samples during air
contamination incidents.

Aircraft models were selected on the basis of the
severity and frequency of bleed air contamination
as reported by the Royal Australian Air Force, Insti-
tute of Aviation Medicine (Singh, 2005). However,
the range of aircraft types was limited by availability
and resources. Within each aircraft squadron, sam-
pling was opportunistic.

The FB and FT aircraft are fitted with a two-seater
cockpit, while the flight decks of CT aircraft are sim-
ilar in size to the long-range commercial aircraft.
Despite the space constraints, ground and flight crew
were instructed to locate the air sampler as close as
possible to the air vents. During ground engine runs,
the cockpit/flight deck was closed unless otherwise
stated.

Cockpit air samples from the FT aircraft were ini-
tially taken using sorbent tubes but later filters were
used (for increased sample volume) while the air-
craft was on the ground, with the APU running. Sor-
bent tube samples were used for air sampling of the
CT aircraft in-flight and during ground engine runs.
In the case of the FB aircraft, in-flight air samples
were taken with sorbent tubes, while filters were
used to sample cockpit air during ground engine
runs. On each occasion, one sample was taken due
to the small cockpits and busy schedules of the
ground crew. Sample tubes and filters were capped
during transport and no transport blanks were used.

Air sampling was carried out using Porapak Q
(ethylvinyl benzene/divinyl benzene; Castello and
D’ Amato, 1982) sorbent tubes and Metricel filters.
Sample recovery was by solvent extraction. The ex-
tracts were concentrated by evaporation prior to
analysis by GC-PFPD.

All instruments were approved by the Royal Aus-
tralian Air Force, for use in the aircraft with respect
to electromagnetic interference, according to
whether the equipment was used in-flight or during
ground testing.

Long duration air sampling for TCP. In-flight and
ground-based air sampling (long duration) was car-
ried out using sorption tubes and a metring pump
(e.g. Aircheck model 2000) operating at 2 1 min~".
Glass-lined stainless-steel tubes (90 x 6 mm outside
diameter) were packed with ~0.06 g Porapak Q and
held in place with glass wool. The packed tubes were
conditioned by washing with hexane (6 ml) and
heated at 220°C in an oven while purged with helium
(70 ml min~ ") for 2 h. The tubes were then cooled
and capped with in-house polymeric end-caps before
and after air sampling.

Short duration air sampling for TCP. For most
ground engine runs, high volume short duration
(5-20 min) air sampling was carried out using PALL
Corporation Metricel membrane filters (0.8 um) GN
used open faced with the filter directed downwards.
A battery (12 V) powered diaphragm pump (Gardner
Denver, Thomas 107 series) was operated at 36 1
min~". This protocol was used for static engine test
runs with the aircraft in a fixed location on the
ground. Air samples were taken by the ground crew
with the engines at high throttle (~80%).

Air sampling pumps were calibrated at sea level,
with the filter (or tube) attached, using a high preci-
sion gas metre, Toyo Gasmeter Co., Japan, model
ML-2500 (Kittler et. al, 1992).

Extraction of TCP from sorbents and filters. After
sampling the sorbent tubes containing the sorbent
and glass wool were washed with a total iso-hexane
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volume of 7 ml into 24-ml glass vials. The vials were
then placed on a heating block at 60°C and the ex-
tract reduced in volume to ~1 ml by a flow of nitro-
gen into the vials. The extract and washings were
then transferred by pipette to preweighed 1.5-ml au-
tosampler vials, capped and reweighed.

The Metricel filters were immersed in iso-hexane
(~20 ml) and sonicated for 5 min. The filters were
then removed and the solution was evaporated to
~1 ml under a stream of air. The extracts and vials
were then placed in an autosampler and analysed
by GC-PFPD (vide infra).

TCP recovery studies using Porapak sorbent and
Metricel membrane filters

Recovery of TCP from Porapak Q sorbent and
Metricel filters. Recovery studies from sorbents were
carried out by spiking the Porapak Q sorbent with a so-
lution of the TCP and ATO followed by subsequent
extraction with iso-hexane and dichloromethane after
a predetermined amount of air had been passed
through the sorbents. Air was passed through the sam-
ples to simulate sampling conditions and to identify
break-through. Solutions were used rather than a va-
pour because of the difficulty of generating TCP or
ATO vapour of a known and stable concentration.

Loading. The sorbent tubes used were 6.35-mm
diameter; stainless steel, glass-lined (Restek Silcos-
teel tube, 86 mm long). They were packed with
sorbent and prepared as described above. TCP,
containing m-, p-, and o-isomers (Fluka) was diluted
with iso-hexane and the sorbent tubes were loaded
with 5 pl (0.12 pg) and 10 pl (0.46 ng) of the work-
ing solutions. ATO was diluted with iso-hexane and
assumed to contain ~2.5% TCP. The sorbent tubes

Table 1. Recovery of TCP from sorbents and filters

were loaded with 5 pl (~0.1 pg TCP) and 10 pl
(~0.6 pg TCP) of the prepared solutions (Table 1).
The tubes were connected to an SKC AirChek
2000 pump and air was passed through the tubes at
2 1 min~"' to simulate airflow during sample collec-
tion (Table 1).

Metricel filters were loaded with 29.5 pl (~0.6 pg
TCP) and 50 pl (~32 pg TCP) of TCP working solu-
tions and 35.0 pl (0.72 pg TCP) and 50 pul (30 pg TCP)
of the ATO working solutions containing 820 pg/ml
and 2400 pg/ml of ATO, respectively (Table 1). The
filters were supported by the edge so that no sample
was lost through surface contact and were then al-
lowed to stand for 5 min before they were assembled
into the 37-mm air sampling cassettes. The filters were
then connected to a pump (KNF UN726.3ANI) and air
was drawn through the filters in order to simulate
airflow during sample collection of cockpit air
(at 36 1 min~'; Table 1). Sampling times for cockpit
air were 5-20 min, corresponding to 180-720 1 of
air being drawn through the filters.

The tubes and filters were extracted in the same
way as the aircraft samples (vide supra) using iso-
hexane and dichloromethane. Filters were sonicated
in solvent for 20 min.

Analysis of TCP

Calibration and analytical limits. A calibration
plot was derived using six calibration standards of
o-TCP; 5, 10, 20, 50, 100, and 500 pg -t y =
103.9x, ¥ = 0.99, relative standard deviation =
5.2. Prior to analysis, an internal standard of 5 pl
of 8.95 pg 17" and 44.7 ug 1™ of o-TCP was added
to samples extracted from the Porapak sorbents and
Metricel filters, respectively. The standards and

Sample Iso-hexane Dichloromethane
Flow rate  Mean TCP Equiv. Air Recovery RSD % Flow rate Mean  Equiv. Air Recovery RSD %
(1 min~Y); Loading Conc. % (n) (1 min~"); loading Conc. % (n)
Vol. (1) (1g) (ngm™?) Vol. (1) (ng) (ngm™?)
Tubes
TCP  2;900 0.120 0.133 79.0(5) 85 2; 900 0.120  0.133 96.6 (3) 2.7
2; 720 0.458 0.636 94.5 (10) 4.0
ATO  2;900 0.100 0.111 1023 (5) 25
2; 720 0.605 0.861 934 (10) 29
Filters
TCP 14; 600 0.60 1.00 76.4 (5) 9.8 14; 600 0.60 1.00 953(2) 43
32; 720 27.51 38.18 95.6 (10) 4.8 32; 720 26.1 36.27 98.4 (10) 3.3
ATO 14; 600 0.72 1.20 63.6(4) 58 14; 600 0.72 1.20 98.1(3) 55
32,720 31.45 43.68 97.3 (10) 2.3 32; 720 29.2 40.48 96.0 (10) 1.3

RSD, relative standard deviation for the replicates; n.
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samples were then each chromatographed five times
using the method applied to the aircraft samples.

For solutions (iso-hexane), the limit of detection
(LOD) and the limit of quantitation (LOQ) were
3ugl ' (n=15)and 10 ug 1" (n=5), respectively,
using the criteria of S/N = 3:1 (LOD) and S/N =
10:1 (LOQ) (ICH, 2008) with respect to the chroma-
tograms. The LODipsrument and LOQinstrument Were
12 and 40 pg, respectively, (4 pl injection). LODs
and LOQs were also determined for each aircraft
air sample based on the S/N of the TCP response
in the chromatograms (vide supra) and presented
as micrograms per cubic metre after adjustment for
air volumes used in the sample collection.

Instrumentation. Aircraft samples containing or-
ganophosphate species were routinely analyzed by
gas chromatography on a Varian CP-3800 equipped
with a PFPD, and CP-8400 autosampler. Separation
was conducted with a Varian CP-Sil 8§ MS (30 m x
0.32 mm x 0.25 um) column with a carrier gas (high
purity helium) flow rate of 1.2 ml min~". The injec-
tor temperature was set to 320°C and the injector op-
erated in a splitless mode for 0.7 s, then in a split
(100:1) mode. The initial oven temperature was
120°C and held for 2 min, then ramped at 20°C
min~" to 300°C and held at this temperature for 5
min.

The PFPD was operated at 325°C with a phospho-
rous filter, a gate delay of 4.0 ms, a gate width of 10.0
ms, and a trigger level of 200 mV. The Air(1) flow
was set to 15.0 ml min~"', the Air(2) flow at 10.0 ml
min~', and hydrogen flow at 14.0 ml min~'. TCP
was determined as the four m/p isomers (mmm,
pmm, ppm, and ppp) from the 10 possible structural
isomers (De Nola er al., 2008). Quantitative calibra-
tion was based on the four m/p isomers.

RESULTS AND DISCUSSION

TCP was detected but not quantified from acetone
washings of the ECS heat exchangers. It was also de-
tected in the coalescer bags from FB and CT aircraft
after soxhlet extraction with acetone (Hanhela et al.,
2005). Its presence at these locations was indicative
of TCP entering the cockpit/flight deck and hence it
constituted justification for air sampling in the cock-
pit/flight deck during ground engine runs and in-
flight.

Sample recovery

Porapak Q recovery. Iso-hexane and dichlorome-
thane solvents were selected for extraction because
of their volatility and good solvency. The recovery

of TCP from TCP-loaded tubes containing Porapak
Q sorbent was 79.0-94.8% and 96.6% when extracted
with iso-hexane and dichloromethane, respectively
(Table 1). Each extraction was replicated. High recov-
eries of TCP (93-102%) from tubes loaded with ATO
were also observed when extracted with iso-hexane.
No significant TCP break-through was observed for
either TCP or ATO with TCP loadings up to
0.61 pg and air volumes of 720 1 as indicated by the
high recoveries.

Metricel filter recovery. As in the case of Porapak
Q, no significant TCP break-through was observed
for either TCP or ATO at TCP loadings of up to
31.5 pg and a volume of 720 1. When extracting with
iso-hexane, recovery of TCP and ATO from the
cellulose Metricel filters was found to be slightly
lower at lower loadings compared with dichlorome-
thane (Table 1). However, iso-hexane was preferred
over dichloromethane in the subsequent GC analysis
of the extracts because it produced a linear baseline
compared with the large baseline drift exhibited by
the dichloromethane extracts. It also allowed a larger
(twice) volume to be injected compared with
dichloromethane.

When monitoring during ground engine runs in
the FT and FB aircraft, due to the short operating
times, air sampling was undertaken over a period
of 6-20 min. This necessitated a high sampling vol-
ume, which could be best achieved with a filter (e.g.
0.8 um) rather than a sorbent. Hence, in these cases,
TCP concentrations were determined as an aerosol
and it was assumed that the contribution from the va-
pour was insignificant. This is consistent with a re-
cent study of air monitoring of TCP-containing
oils, which showed that airborne TCP is present as
the oil aerosol rather than the vapour phase. Air sam-
ples were taken in both the work place and in the lab-
oratory (generated oil aerosols) using a filter and
sorbent sampling train. It was found that the TCP
was retained on the filters and quantifiable amounts
were not present on the sorbent (Solbu et al., 2007).
When sampling air concentrations of the oil at 5000
pg m > (1% TCP), no break-through was observed
over a period of 250 min and at 50 000 pg m™
(500 pg m > TCP) for 30 min (at 1.5 1 min~"). The
NIOSH method 5026 recommends a sample volume
in the range 20500 1 at 1-3 1 min~"'. In the present
study, filter sampling was undertaken over a maximum
period of 20 min (at 36 1 min~ ).

Aircraft air samples

FT Aircraft. GC-PFPD analysis of air samples
showed the presence of four of the most abundant
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TCP isomers (mmm, mmp, mpp, and ppp; (D),
Fig. 2a). The remaining six isomers were below
the LOD. In addition, other peaks were present in
the gas chromatograms, three of which had similar
retention times as triisobutyl phosphate (A), tributyl
phosphate (B), and triphenyl phosphate (C) (Fig. 2a)
(also see supplementary material in online edition).
The remaining phosphorus compounds could not be
identified. These compounds were probably derived
from hydraulic fluids and other sources, possibly
plasticisers from polymers used in the aircraft. Hy-
draulic fluids are also a source of organophosphates
(as fire retardants and anti-wear agents, ATSDR,
1997) but TCP appears to be no longer used for this
purpose. Less toxic organophosphates such as tribu-
tyl phosphate, butyl diphenyl phosphate, and dibutyl
phenyl phosphate appear to be prevalent hydraulic
fluids (NRC, 2002, Muir et al, 2008). The advantage
of a phosphorus-specific detector was the transpar-
ency of a myriad of other compounds, which are
present in commercial products and may complicate
the identification of the organophosphates.

The results of the TCP monitoring are reported in
Table 2 (also see supplementary material in online
edition) while Fig. 3 is a graphical presentation of
the TCP concentrations measured in aircraft cockpit
air. TCP concentrations were plotted against method
LOQs in order to show the variations in the LOQs
between samples, which depended on the airborne
TCP concentrations and volume of air sampled.
The latter was governed by the sampling time and
depended on the length of the sortie. For example,
a small volume of air sampled may have a high air
concentration of TCP but the amount of analyte col-
lected may be small. Although the LODj s ument 1S
constant, in such a case, the LOD,ci04 Would be
large. The two parallel lines represent the LOQ
and LOD for the measurements. Quantitative values
were above the LOQ line and semi-quantitative val-
ues were between the LOQ and LOD lines.

With the exception of two samples (51.3 and 21.7
ng m ), TCP concentrations in the cockpits of the
FT aircraft were found to be <1.5 pg m ™ (Table 2,
Fig. 3). Of the 16 different FT aircraft sampled (one
sample per aircraft), 6 showed TCP concentrations
above the LOD. The ground crew reported only
two occurrences of visually detected ‘smoke’ corre-
sponding to a TCP concentration of 51.3 pg m~>
while the other occurrence coincided with loss of
sorbent (and sample). In the case of the highest
TCP measurement, sampling occurred at a time
when there was a spill of ATO near the APU air in-
take. On this particular occasion, the air was sampled
with the canopy opened (to allow the smoke to

dissipate). Higher TCP concentrations may have
been expected if the canopy had been completely
closed.

Although only six FT concentrations are shown in
Fig. 3, both the filter samples and the tube samples
were in the same range, indicating no obvious bias
for the two methods despite the difference in sam-
pling geometry and sampling media.

CT aircraft. The CT aircraft is more closely re-
lated to commercial passenger aircraft in the sense
that its operations are point to point involving take-
off, landing and cruise and the size of the flight decks
are similar to long-range commercial aircraft. Bleed
air contamination in the CT aircraft was generally re-
ferred to as ‘smelly’ bleed air and was not associated
with ‘smoke’. The air samples were taken on the
flight deck and mainly in-flight using Porapak Q
tubes. It appeared that the flight crews may have be-
come sensitized to the odours as on one occasion the
odour was detected by the crew without being appar-
ent to two of the authors (P.J.H. and W.M.) present.
An air sample was not recorded at the time. During
another incident of ‘smelly bleed air’, a sorbent air
sample was taken but the TCP concentration was un-
detectable. The phosphorus compounds found in the
air samples from the CT flight deck were dominated
by the presence of triisobutyl phosphate with com-
paratively little of the other organophosphates pres-
ent (Fig. 2c). These were quantifiable even when
the TCP concentrations were <LOD. (Hanhela
et al., 2005a).

Nine different aircraft were sampled providing
a total of 32 samples with only 5 showing levels of
TCP > LOD. TCP air concentrations were highest
in the CT aircraft during ground engine runs (max.
0.26 pg m >, Table 2, Fig. 3) compared with in-flight
concentrations (max. 0.05 pg m ) taken during
cruising. This is consistent with the general observa-
tion by crew that the bleed air contamination is most
evident during high engine power in the case of the
FB and CT aircraft. During ground engine runs, tube
samples taken from the same aircraft over periods of
6 and 2 h produced comparatively similar TCP con-
centrations (0.255 and 0.123 pg m >, respectively).
Overall, the TCP concentrations were lower than
those found in the FT aircraft.

FB aircraft. Air samples from the FB cockpit
showed the presence of similar organophosphates
to the FT aircraft with tributyl phosphate (Fig. 2b,
B) being a significant component in the sample.
Table 2 and Figure 3 contain a summary of the
TCP concentrations in the cockpit air of the FB air-
craft. A total of 30 samples were measured from 24
different aircraft of which 19 samples were above the
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Fig. 2. GC (PFPD) of an air sample taken from a (a) FT, (b) FB and (c) CT aircraft cockpits showing the presence of triisobutyl
phosphate (A), tributyl phosphate (B), triphenyl phosphate (C), and the four most abundant TCP structural isomers, mmm, mmp,
mpp, and ppp, in order of elution (D).

LOD. Generally, the highest TCP concentrations  Under these conditions, the highest recorded value
measured were during ground engine runs when  was ~5 ug m . The TCP concentrations measured
the engines were operated at ~80% full power. in-flight were <2.1 pg m>. Six incidents of smoke
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Table 2. Summary of TCP measurements from the FT, CT and FB aircraft
Aircraft  Smoke odour Sampling time (#) Mean TCP Air Conc. (g m °) LOD (ug m ) LOQ (ug m ) RSD %

FT tube samples ground engine runs
0.15 21.71 0.854 2.848 6.42

FT filter samples ground engine runs

NS Smoke 0.11 51.34 0.158 0.529 3.98
NS 0.08 1.284 0.161 0.538 —
NS 0.33 0.845 0.085 0.282 3.80
CT tube samples ground engine runs

# 6.0 0.255 0.009 0.031 6.33
# 2.0 0.123 0.032 0.106 10.62

CT tube samples in-flight

FB tube samples in-flight
Smoke 0.42 2.068 0.107 0.356 —

b 0.70 0.181 0.042 0.139 12.42
Smoke and odour 0.80 0.150 0.038 0.127 8.19
1.80 0.138 0.023 0.077 —

FB filter samples ground engine runs
0.33 4.986 0.010 0.033 0.86
0.03 4.205 0.561 1.869 —

0.33 0.236 0.010 0.032 2.96

LOD = Limit of detection, LOQ = Limit of quantitation, N = Number of measurements of each air sample, SD = Standard of
deviation, RSD = Relative standard of deviation, NS = not specified, like letters (a,b) designate common aircraft. Shaded areas
represent measurements which lie between LOD and LOQ. LOD was estimated corresponding to an S/N = 3:1 and for LOQ
S/N = 10:1. (ICH, 2008). Two measurements which were <LOD but coincided with smoke/odour incidents are shown.
Measurements were corrected for recovery.

were reported during the study of the FB aircraft.  known to occur and therefore it is unlikely that these
Five corresponded to TCP concentrations >LOD  results represent the highest possible TCP concentra-
the sixth occurred when the TCP was undetectable.  tions for this aircraft type.

However, none of the samples were taken during Of the samples in Table 2, two samples taken from
the most severe smoke incidents which have been  the one aircraft in flight gave very similar results
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Fig. 3. Airborne TCP concentrations in the cockpit of the FT, CT, and the FB aircraft, and corrected for TCP recovery and plotted
against the level of quantitation (LOQ). A total of 6/16, 5/32, and 19/30 air samples taken from the FT, CT, and FB aircraft
respectively, had TCP concentrations above the LOD and are shown in the table. Data points outlined in red (with an ‘S’ beside
them) represent air samples where odour and/or smoke were noted by the ground/flight crew who took the samples. Only those with
TCP concentrations above the limit of detection (LOD) are shown. Error bars are shown for replicate measurements; most are
obscured by data markers.

(0.255 and 0.123 pg m ), while three samples taken
from another aircraft, also in flight, varied consider-
ably (0.025-0.181 pg m ) with a smoke incident
corresponding to the lower TCP air concentration.
The latter results indicated the extent of variability
of airborne TCP concentrations in any one aircraft
of this type.

Unlike commercial aircraft, the fighter aircraft un-
dertake various exercises under variable engine
power and thus it is more difficult to relate the flying
conditions of these aircraft with those of commercial
aircraft.

Summary of TCP measurements. The TCP con-
centrations reported for the FT aircraft are the high-
est for any aircraft to date (cf. 0.04-1.3 pg m >;
Muir et al., 2008; van Netten, 2009) and are relevant
to the smoke incidents involving the BAe-146 where
there was an association between the operation of the
APU and smoke contamination (Australian Parlia-
ment Senate, 2000, Muir et al., 2008; van Netten,
2009). However, the small size of the FT cockpit
compared with the cabin of the BAe-146 was most
likely to exacerbate the problem in the FT aircraft.

The results reflect the sporadic occurrence of bleed
air contamination coupled with the relatively short
duration of these events. Anecdotal evidence sug-
gested that the bleed air contamination was most
likely to occur during high engine thrusts. This ap-
pears to be consistent with the highest TCP concentra-
tions coinciding with ground engine runs at ~80%
engine power. The coincidence of these events with

sampling times can provide a true indication of peak
TCP concentrations, while sampling periods beyond
these events tend to reflect average air concentrations.
Statistical cluster analysis of the data was not possible
due to the small number of samples in each group (air-
craft type, ground engine runs, and sorbent/filter).

In this study, few TCP concentrations exceeded
the LOQ. There was only one case (51.3 pg m),
where the airborne TCP concentration was >10
times the LOQ. Although smoke was observed in
this case, the reporting of smoke and odour did not
necessarily correlate with TCP concentrations in
other incidences. Only six samples with measurable
TCP concentrations were associated with smoke/
odour occurrences as reported by the ground/flight
crews (Table 2). Two additional samples with unde-
tectable amounts of TCP were also taken during
smoke incidences.

o-Cresyl isomer concentrations. The exposure
limit to TCP (TWA, 100 pg m ) is based on the tox-
icology of tri-o-cresyl phosphate (NIOSH, 2005;
ACGIH, 2010). It is recognized that while in this
study, occupational standards may be relevant to
the employees, in the context of the commercial pas-
senger airlines adjustments need to be made for the
flying public (Nagda et al., 2000).

With the exception of two samples, the TCP
concentrations in the aircraft air samples were
<5 pg m—>. The total mono-o-di-m/p-cresyl phos-
phates content of TCP has been previously de-
termined (De Nola er al., 2008) to be ~0.004%
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(~40 mg kg™ ") in modern ATO used throughout the
ADF, although earlier oils appeared to have had
higher concentrations (0.015%) (Kibby et al.,
2005; De Nola er al., 2008). At these concentrations,
the o-cresyl isomers are present largely in the form
of the mono-o-di-m/p-cresyl phosphate (approxi-
mately three times the concentration expected for
tri-o-cresyl phosphate) and hence these isomers are
most relevant to the toxicity of TCP. Because of their
low concentrations, the o-cresyl phosphate isomers
were not detected in the air samples. On the basis
of the known composition of ATO, a TCP air con-
centration of 5 pg m > would be expected to contain
~0.0002 ng m° mono-o-di-m/p-cresyl phosphates.
However, these isomers are considered to be 10
times more toxic than tri-o-cresyl phosphate and
therefore the levels are equivalent to ~0.002 pg
m " in tri-o-cresyl phosphate. Thus, the measure-
ments reported here indicate a low health risk from
TCP exposure on the basis of present knowledge of
the toxicology of TCP and associated isomers and
derivatives.

It should be pointed out, however, that dermal
contact with ATO and hence TCP (~2.5%) is likely
to occur during aircraft turbine engine maintenance.
This represents another and possibly more hazardous
route of exposure to TCP compared with the respira-
tory pathway. However, this issue is beyond the
scope of the present study.

CONCLUSIONS

Low concentrations of airborne TCP can be deter-
mined in aircraft air using both Porapak Q sorbent
tubes and Metricel filters at high flow rates. The ob-
vious absence of differences between the two media
implies that airborne TCP is mainly present as the
aerosol rather than the vapour and there appears to
be no obvious bias in the sample collection of the
aerosol. High volume sampling was found to be es-
sential in proving high quality measurements.

Only four TCP isomers could be detected (mmm,
mmp, mpp, and ppp). The airborne concentrations
of TCP in the cockpit/flight deck of three types of
ADF aircraft with a history of engine bleed air con-
tamination revealed generally low concentrations of
TCP (<5 ng m ) with the exception of two results
(51.3 and 21.7 pg m~>) from the FT aircraft. Ele-
vated TCP concentrations were not necessarily asso-
ciated with smoke/odour incidents but smoke/odour
incidents were associated with elevated TCP concen-
trations.

The results represented a low health risk for workers,
based on the 8-h TWA exposure limit for tri-o-cresyl

phosphate (100 pg m ), and the inferred concentra-
tions of the more toxic oxx TCP isomers. Higher air-
borne TCP concentrations may be possible under
some extreme circumstances of bleed air contamina-
tion but such conditions did not arise during this survey.

SUPPLEMENTARY DATA

Supplementary data can be found at http://annhyg.
oxfordjournals.org/.
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