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ABSTRACT

The cabin of an airplane is a specialised
working environment and should be considered
as such. The oils and hydraulics used in
airplane engines are toxic, and specific
ingredients of such materials are irritating,
sensitising and neurotoxic. If oil or hydraulic
fluids leaks out of engines, this contamination
may be in the form of unchanged oil/fluid,
degraded oil/fluid from long use in the engine,
combusted oil/fluid or pyrolised oil/fluid, in the
form of gases, vapours, mists and particulate
matter. If leak incidents occur and the oil/fluid
is ingested into bleed air and is passed to the
flight deck and passenger cabins of airplanes
in flight, aircrew and passengers may be
exposed to contaminants that can affect their
health and safety. Where contamination of air
in flight deck and passenger cabin occurs that
is sufficient to cause symptoms of discomfort,
fatigue, irritation or-toxicity, this contravenes
the air quality provisions of Aviation Regulations,
most notably FAR 25.831. Symptoms of
immediate or short term nature reported by
exposed staff in single or few leak incidents
are consistent with the development of
irritation and discomfort. Symptoms of a long
term nature (that is, sustained symptoms for
at least six months) reported by some
exposed staff following small to moderate
numbers of leak incidents are consistent with
the development of an irreversible discrete
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occupational health condition, termed aerotoxic
syndrome. Features of this syndrome are that
it is associated with air crew exposure at
altitude to atmospheric contaminants from
engine oil or other aircraft fluids, temporarily
juxtaposed by the development of a
consistent symptomology including short-term
skin,  gastro-intestinal, respiratory and
hervous system effects, and long-term central
nervous and immunological effects.

KEYWORDS: aviation air quality, aviation
safety, airborne contaminants, jet oils, aerotoxic
syndrome

INTRODUCTION

Air quality is an important aviation problem.
Problems arise from a number of factors,
including:

o The problem of hypoxia. Commercial flight
levels typically range from 31,000 to
42,000 ft, above sea level and the aircraft
cabin is pressurised to an hypobaric
environment equivalent to 8,000 ft (2,315 m).
Hypoxia may interact adversely with chemical
exposures .

o The problem of ventilation. Studies indicate®
that it is common that all modes of
transport have ventilation rates less than
current ASHRAE 62 guidelines for
commercial buildings®. This finding, of
itself, does not imply poor air quality.
However, it suggests that initiatives to
reduce air quality should be resisted and
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indicates that opportunities to improve air
quality should be encouraged. For
example, a Canadian study of one aircraft
type and airline found that 245 of 333
commercial flights did not satisfy the
ASHRAE air ventilation criteria of fifteen
cubic feet/occupant, and that 18 of 33
flights had less than ten cubic feet/
occupant®,

o The problem of contamination of air.
Chemical exposures in aircraft are not
unheard of. In 1953, The US Aero-medical
Association first expressed their concerns
about the toxicity risks of cabin air
contamination by hydraulics and lubricants”.
The oils and hydraulics used in aircraft
engines can be toxic, and specific ingredients
of oils can be imtating, sensitising (such as
phenyl-alpha-naphthylamine) or neurotoxic
(for example, ortho-containing triaryl
phosphates such as tri-orthocresyl
phosphate). If oil or hydraulic fluid leaks
occur, this contamination may be in the
form of unchanged material, degraded
material from long use, combusted or
pyrolised materials. These materials can
contaminate aircraft cabin air in the form of
gases, vapours, mists and aerosols. Other
risks have been identified more recently,
either as part of the chemicals routinely
used in maintaining airplanes®, or as
products of the passengers or cargo®.

o Problems of combustion and emergency
situations’. Passenger protective breathing
equipment tests conducted by the UK Air
Accidents Investigation Branch (AAIB)
identify contaminants in combustion situations
such as carbon monoxide, hydrogen cyanide,
hydrogen fluoride, hydrogen chloride, nitrogen
oxides, sulphur dioxide, ammonia, acrolein,
and other hydrocarbon compounds®,

Notwithstanding normal operational activities
or emergency situations, a range of other
situations can arise whereby aircraft cabin air
can be contaminated®. These include:

o uptake of exhaust from other aircraft or on
ground contamination sources,

o application of de-icing fluids,

cause symptoms of discomfort,

o hydraulic fluid leaks from fanding gear and
other hydraulic systems,

o excessive use of lubricants and preservative
compounds in the cargo hold,

o preservatives on the inside of aircraft skin,

o large accumulations of dirt and brake dust
may build up on inlet ducts where auxillary
power units extract air from near the
aircraft belly,

o ingestion of oil and hydraulic fluid at
sealing interfaces, around oil cooling fan
gaskets and in worn transitions,

o oil contamination from synthetic turbine oil,

o engine combustion products (for example,
defective fuel manifolds, seal failures,
engine leaks).

Other air quality problems include ethanol and
acetone, indicators of bioeffluents and chemicals
from consumer productsm. One additional
problem is the lower partial pressure of
oxygen that is present in the cabins of planes
flying at altitude™".

international aviation legislation such as the
US Federal Aviation Regulations (FAR) and
airworthiness standards for aircraft air quality
state “crew and passenger compartment air
must be free from harmful and hazardous
concentrations of gases or vapors”?. Where
contamination of air in the flight deck and
passenger cabin occurs that is sufficient to
fatigue,
irritation or toxicity, this contravenes such
standards and legislation.

The chemical products used in aviation

The aviation industry has used fuels,
lubricants, hydraulic fluids and other materials
that can contain a range of toxic ingredients.
Aircraft materials such as jet-fuel, de-icing
fluids, engine oil, hydraulic fluids, and so on,
contain a range of ingredients, some of which
are toxic'>™ "> Significant contaminants
include: aldehydes; aromatic hydrocarbons;
aliphatic hydrocarbons; chlorinated, fluorinated,
methylated, phosphate or nitrogen compounds;
esters; and oxides'".
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A complex approval process exists for
ensuring that materials used in aviation are
manufactured to relevant standards. For
example, jet fuels are specified by the
American Society for Testing and Materials
(ASTM D 1655 Standard Specification for
Aviation Turbine Fuels)’® and the United
Kingdom Ministry of Defence (MOD Standard
91-91)", and the jet engine oil specification of
the US Navy MIL-PRF-23699 is used for jet
oils. This process of approval and re-approval
for new product formulations has meant that
there is some resistance {o modifying
formulations (for example, for health and
safety reasons).

Consequently, changing approved formulations
is not conducted without significant justification.
In the case of the jet oil additive tricresyl
phosphate (TCP, discussed below),
manufacturers have been reluctant to modify
product formulations by substituting toxic TCP
additives that perform well in critical
applications. This has meant that potentially
toxic products have continued to be available
and used long after their toxicity has been
recognisedzo. It is not known if an approved
formulation containing, for example 3% tricresyl
phosphate, is considered a change in
formulation if the proportion of individual
isomers in the TCP mixture is altered, but the
3% remains unchanged. However, as Mobil
indicate, only the base stock esters have
been modified over the past thirty or so years,
suggesting that the mixture of isomers in TCP
stock has not been changed.

Fuels are based on the type on engine type
(piston, turbo or jet) and operating conditions.
They are similar to other petroleum products
that have a boiling range of approximately
1560°C to 300°C. The freezing point and flash

point are the principle differences between

the finished fuels. The main fuels used are
the kerosene based Jet A (used in the USA or
Jet A-1 (used around the world). Jet B is a
modified fuel for use in cold climates.
Chemical additives aliowed for use in jet fuel
are also defined in product specifications®".

Over two million workers are occupationally
exposed each year to jet propulsion fuels.
Approximately 220 billion litres of these

kerosene-based jet fuels are annually
consumed®.
Kerosene-based hydrocarbon fuels are

complex mixtures of over 200 aliphatic and
aromatic hydrocarbon compounds (Cs to Cy7),
including varying concentrations of potential
toxicants such as benzene, n-hexane, toluene,
xylenes, trimethylpentane, methoxyethanol,
naphthalenes (including polycyclic aromatic
hydrocarbons [PAHs], and certain other
Cqo-C4, fractions such as n-propylbenzene,
trimethylbenzene isomers). Table 1 lists some
of the components of an early sample of Jet
Fuel A%,

This is consistent with proprietary commercial
information, as available on product MSDS
(although the aromatic fraction may have
been reduced over the years (see Table 2).

Lubricants are classified into either:

o mineral petroleum oils either straight
mineral of the appropriate viscosity or
blended with additives or part synthetic
multigrade oils for piston engines; or

o mineral based (mainly for earlier models of
jet engines) or synthetic or turbojet,
turboprop or turbofan engines.

Oil types include: minerat oils; semi-synthetic
oil; synthetic oils; jet oils; turbine oils; piston
engine oils, gear oils.

Hydraulic Fluids are usually of the mineral or
synthetic, normal or superclean type.

Greases usually containing mineral or
synthetic base oils with metal soaps or
organic thickeners or inorganic fillers.

Speciality chemicals include antiseize
compounds; bonded parts; coolants; corrosion
preventatives, damping fluids; de-icing fluids;
dry lubricants; instrument oils; lubricity agents;
protectives; sealants, adhesives, epoxy resins;
shock strut fluids.
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Table 1. Jet A Constitution

Constituent Composition % Volume
Simple Alkanes 53.7
Includes:
Decane 16.5
Undecane 36
Methyl Alkanes 3.77
Cycloalkanes 0.79
Monocyclic Aromatic Hydrocarbons 31.8
Inciudes: :
Benzene 0.02
Butylbenzene 2
1,2-Diethylbenzene 0.24
1,2-Diethyl-3-propylbenzene 5.4
1,4-Diethyl-2-ethylbenzene 0.2
Ethylbenzene 0.02
1-Methyl-4-propylbenzene 3.3
Propylbenzene 3-5
1,2,4,5-Tetramethylbenzene 9
Toluene trace
1,2,3-Trimethylbenzene 6.6
Xylenes 0.07
Polycyclic Aromatic Hydrocarbons 0.63
Includes:
Naphthalene 0.14
2-Methylnaphthalene 0.34
1,3-Dimethylnaphthalene 0.15

Table 2. Jet A Constitution (from Product MSDS)

Component

% present

Saturated Hydrocarbons (Paraffins and Cycloparaffins)

Aromatic Hydrocarbons

Unsaturated Hydrocarbons (Olefins)

70-80%
17-20%
3-6%

A range of aviation chemicals is shown in
Table 3.

Inhalation is an important route of exposure,
with exposure to uncovered skin being a
second, less significant route (for example,
following exposure to oil mists or vapours).
Ingestion is unlikely.

A number of recently published studies
reported acute or persisting biological or
health effects such as human liver
dysfunction, emotional dysfunction, abnormal
electroencephalograms, shortened attention

spans, decreased sensorimotor speed and
immune system dysfunction from single, short
term repeated exposure, or long term repeated
exposure of humans or animals to kerosene-
based hydrocarbon fuels, to constituent
chemicals of these fuels, or to fuel combustion
products“‘ 2262128293031 " Other reports suggzeagt

that other aviation chemicals may be toxic .

Occasionally, such exposures may be of a
magnitude to induce symptoms of toxicity. In
terms of toxicity a growing number of aircrew
are developing symptoms following both short
term and long term repeated exposures,
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Table 3. Aviation Chemicals

Product Type

Ingredients

Formula

Jet Fuels

Jet A and Jet A-1

A kerosene based fuel,
based on ASTM
Specification D1655)

Varies, depending on
manufacturer

Jet B

A wide cut blend of
gasoline and kerosene,
rarely used except in
very cold conditions

Varies, depending on
manufacturer

Aviation gasoline

Varies, depending on
manufacturer

Aviation fuel additives

Anti-knock additives

Tetra-ethyl lead (TEL)

<Pb/\CH3
N >

HaC

Ethylene dibromide

/\/Br
Br

lubricity improver

Anti-oxidants 2,6-ditertiary butyl-4- cHy P Hie
HaC CHy
methyl phenol
H,C CH,
CHj
Electrical Stadis®450 Proprietary mixture
conductivity/ static
dissipater additives
Corrosion inhibitor/ | “DCI-4a" Proprietary mixture

Anti-icing additives

Di-ethylene glycol
monomethylether

Q0. OH
I G N g

£

Metal deactivators

N,N’-disalicylidene-1,2-
propane diamine

CHy

I~
&

Biocides

Thermal Stability
Improver additives

(mainly military
applications) — “+100”

Proprietary mixture

Leak detection

Proprietary mixture

Tracer A®
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Table 3 continued..

Lubricants, based on

Mineral oils

Proprietary mixtures

Synthetic olis

Proprietary mixtures

Hydraulic fluids

Mineral types

Proprietary mixtures

Synthetic types Proprietary mixtures
Greases
Speciality Chemicals
Antiseize Proprietary mixtures
compounds
Coolants Proprietary mixtures
Corrosion Proprietary mixtures
preventatives
Damping fluids Proprietary mixtures
De-icing fluids Proprietary mixtures

Dry lubricants

Proprietary mixtures

Instrument oils

Proprietary mixtures

Lubricity agents

Proprietary mixtures

Protectives Proprietary mixtures
Sealants, Proprietary mixtures
adhesives, epoxy

resins

Shock strut fluids Proprietary mixtures

Bonded parts

Proprietary mixtures

including dizziness, fatigue, nausea, dis-
orientation, confusion, blurred vision, lethargy
and tremors® . Neurotoxicity is a major
flight safety concern especially where exposures
are intense®’.

Taken together, these indicate that air quality
on aircraft is a significant aviation safety issue.

Case study: the toxic ingredients of jet oils

The engine oils that are used in jet engines
are precision oils that need to operate in
extreme conditions. Some commercial jet oils
have been in use as engine oils in aviation for
decades. For example, Mobil USA note that
Mobil Jet Oil Il (a jet oil with close to half the
market share) “has been essentially unchanged
since its development in the early 1960s” and

“most changes have involved slight revisions
of the ester base stock due to changes in raw

material availability”™.

Therefore, jet oils are specialised synthetic
oils used in high performance jet engines.
They have an appreciable hazard based on
toxic ingredients, but are safe in use by
engineering personnel who handle the product
routinely provided that:

o health and safety information such as
labels, material safety data sheets,
manufacturers manuals and the like are
obtained and consulted;

o a suitable risk assessment is carried out
that identifies hazards and assesses risks,
and recommends suitable controls and
precautions;



Chemicals on jet aircraft

71

o maintenance personnel follow the appropriate
controls and safety precautions as
recommeded in health and safety
information and risk assessments; and

o the oil stays in the engine.

Aircraft engines that leak oil may expose
others to the oils through uncontrolled
exposure. Airplanes that use engines as a
source of bleed air for cabin pressurisation
may have this source contaminated by the oil,
if an engine leaks. If such leaks occur, exposed
crew and passengers do not have access to
the health and safety information, risk
assessments or advice on controls that
engineering staff have; where such information
or advice is lacking, they may be at additional
risk.

Using a typical commercial Jet Oil (Mobil Jet
Oil Il), various sources, such as the supplier's
label on the cardboard box the cans are
shipped in, the product Material Safety Data
Bulietin (MSDB), and information from the
manufacturer, list the following ingredients”:

o  synthetic esters based in a mixture of
95% Cs5-Cyp fatty acid esters of
pentaerythritol and dipentaerythritol;

o 1% of a substituted diphenylamine;

o 3% tricresyl phosphate (Phoshoric acid,
tris(methylphenyl) ester, CAS No 1330-
78-5);

o 1% phenyl-alpha-naphthylamine (PAN)
(1-Naphthalenamine, N-phenyl, CAS No
90-30-2);

o alast entry "ingredients partially unknown" is
also noted on some documentation.

Of these ingredients, the most toxicologically
significant components are the substituted
diphenylamine,  phenyl-aipha-naphthylamine
{PAN) and tricresyl phosphate (TCP).

The substituted diphenylamine

The substituted diphenylamine is variously
reported as Benzamine, 4-Octyl-N-(4-Octyl-
phenyl), (CAS No 101-67-7) or 0.1-1% N-Phenyl-
benzeneamine, reaction product with 2,44-
Trimethylpentene (CAS No 68411-46-1), and
used as an antioxidant, in concentrations not
greater than 1% (see Figure 1).

There is little toxicity data available for this
ingredient, aithough it is not believed to be
toxic by single exposure (no data on long term
exposure). The disclosure of this ingredient in
hazard communication by identity probably
relates to its environmental effects, such as
poor biodegradability and toxicity to aquatic
invertebrates*.

N-Phenyl-alpha-naphthylamine

N-Phenyl-alpha-naphthylamine, (CAS No 90-
30-2), also known as Phenyl-alpha-naphthylamine
{PAN), is a lipophilic solid used as an
antioxidant used in lubrication oils and as a
protective agent in rubber products (see
Figure 2). In these products, the chemical acts
as a radical scavenger in the auto-oxidation

NH
HEC\/\/\A/©/ MCH:i

Benzamine, 4-Octyl-N-(4-Octyiphenyl)

CH,

p— 3 CH;
2 c iC CH,
CHs HsC

N-Phenyl-benzeneamine, reaction product with 2,4, 4- Trimethylpentene

Figure 1. Substituted Diphenylamines.
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Figure 2. N-Phenyl-1-naphthylamine.

of polymers or lubricants. It is generally used
in these products at a concentration of about
1% (its concentration in jet oils). The
commercial product has a typical purity of
about 99%. Named impurities are: N-Phenyl-
2-naphthylamine (CAS No 135-88-6, 500 to
below 5000 ppm), 1-Naphthylamine (below
100-500 ppm) and 2-Naphthylamine (below 3
to 50 ppm), aniline (below 100 to 2500 ppm),
1-naphthol (below 5000 ppm), 1,1-dinaph-
thylamine (below 1000 ppm).

PAN is readily absorbed by mammalian
systems and rapidly biotransformed*'. Both
urine and feces appear to be the main routes
of excretion*?.

By single dosing, PAN has a low toxicity, with
LDsps above 1 g/kg. The chemical has a
similar mechanism of toxicity to many
aromatic amines, of methaemoglobin production.
PAN is not irritating in primary skin and eye
irritation studies. However, in a guinea pig
maximisation test, PAN was shown to be a
strong skin sensitiser®. This result is supported
by case studies in exposed workers**°. At the
concentration used (1%), Mobil Jet Oil 1l
meets cut off criteria (1%) for classification as
a hazardous substance in Australia for
sensitisation properties.

Most genotoxicity studies report negative
results, suggesting little genotoxicity potential®.

Most repeated dose toxicological studies
focus on its potential carcinogenicity. An
experimental study, using both PAN and the
related compound N-phenyl-2-naphthalenamine
administered subcutaneously to mice found a
heightened incidence of lung and kidney
cancers”®. The methodology used in this study
makes evaluation of the results problematic
(use of one gender, small sample sizes,
limited number of dose groups, sub-cutaneous
administration as an inappropriate route of
exposure, and so on). A high incidence of

various forms of cancer was also found
among workers exposed to antirust oil
containing 0.5% PAN*'. While these animal
and human resuits offer only limited information,
they are at least supportive of a mild
carcinogenic effect.

This must be contrasted with the results of
long term carcinogenicity bioassays in rats
and mice conducted by the US National
Toxicology Program with the structurally
related N-phenyl-2-naphthylamine (studies
were not carried out on PAN), which have not
reported any carcinogenic potential for this
chemical®.

Tricresyl phosphate

Tricresyl phosphate, (CAS No 1330-78-5) is
also known as Phosphoric acid, tris
(methylphenyl) ester or Tritolyl phosphate.
TCP is a blend of ten tricresyl phosphate
isomer molecules, plus other structurally
similar compounds, including phenoclic and
xylenolic compounds. TCP is a molecule
comprised of three cresyl (methylphenyl)
groups linked to a phosphate group. The
location of the methyl group in the cresyl
group is critical for the expression of neuro-
toxicity, with ortho-, meta- or para- prefixes
that denote how far apart the hydroxyl and
methyl groups are on the cresol molecule.
Technically, there are 27 (33) different
combinations of meta, ortho and para cresyl
groups in TCP (see Figure 3). Since the
apparently different three-dimensional structures
of the molecule are not chemically locked in
place, they are not optical isomers. Therefore,

para

Figure 3. Structure of Tricresyl Phosphate.
TCP molecule showing designation of o, m and p
cresyl groups.



















































