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Regular Review

The challenge of fire effluents

Poisonous gdses are potential killers

In the seventeenth and eighteenth centuries all flammable
materials were thought to contain the substance "phlogiston,"
which escaped by the process ofcombustion. ' After Lavoisier's
discovery of the process of oxidation the phlogiston theory
became "the swan song of alchemy."2 Nevertheless, the
emphasis on phlogiston as the "Feuergeist" (the spirit of fire)
may be said to have paved the way for the recent recognition of
the harmful effects of fire effluents.3 Fire research and fire
science are providing a firm basis for a specific study of fire
toxicology.4

Experience from prehistoric forest fires, through the
mediaeval conflagrations of entire cities, to present day
disasters such as the fire on the oil platform Piper Alpha or the
huge gas explosion in the Urals has taught man that his
ancient and lifelong companion allows poor chances for
survival. Study of this hostile environment has shown that
flame contact and burns have not been, as would be expected,
the only or even the major cause of injury and death. Man is
genetically prepared for heat perception, and thermal injury
should occur only in the inescapably close proximity of fire. In
1985 at the Bradford City Football Club ground 56 people
died after being trapped in contact with heat "so intense that
clothing and skin were burned in seconds."5 Nearly all of the
96 victims in the Dupont Plaza Hotel in Puerto Rico in 1986
lost their lives because of heat and flames.6 These were,
however, unusual fires. The more common pattern was seen
in the MGM Grand Hotel fire in Las Vegas in 1980 when 86
people died, yet only two as a result of burns. All of the others
died after smoke inhalation, for the most part in rooms or
corridors many levels above the fire itself.6 Of the 560 people
admitted to hospital with respiratory complaints, none had
burns.7 In an analysis of causes of death in 530 fire victims
reported by Birky and Clarke 11% of deaths were related to
burns and 89% to "inhalation of toxic smoke and hot gases."'
Many other examples are found in fire journals. Yet medical
practice has not yet come to terms with the fact that so many
fire victims succumb to the effects of chemical fire products.

The toxic fire triangle
Some understanding of the physical and chemical mecha-

nisms of fire is essential as a basis for fire toxicology. The fire
phenomenon is traditionally portrayed as a triangle consisting
of the three components: fuel, air, and heat.9

Fuel Air

Heat

If any of the components of the triangle is absent or fades
out the fire cannot continue. Alterations in the supply of these
components account for the diversity in the size, shape,
spread or growth, rapidity, duration, even the colour of a
fire-and most of all the toxicity of its effluents. It is,
however, the fuel that is most decisive for fire toxicity.'0
During the past few decades man has changed his way of
life-and the "fuel" in the triangle. He has become less
dependent on natural polymers such as wood, the traditional
fuel of our ancestors, and has made more and more use of
synthetic polymers in his plastic empire.

Effluents from fires fuelled by synthetic polymers are more
toxic than those from traditional fires."I Clarke et al found that
a gradual increase in the number of fire victims in Britain
parallels the increasing use of synthetic polymers.'2 Between
1971 and 1981 the yearly total in Britain of deaths in people
who had been overcome by gaseous effluents from fires rose
from 381 to 572. '3 The increase in the total number of victims
(with fatal or non-fatal injuries) was more than tripled: the
number was 659 in 1971 compared with 2331 in 1981.
Furthermore the figures quoted in fire statistics are often an
underestimate as many fires and therefore many patients with
non-fatal injuries go unrecorded."' Even deaths due to toxic
fire effluents may not be recognised as such if considerably
delayed.

Oxidative and pyrolytic decomposition
Fire effluents are produced by two thermal decomposition

processes: combustion-as oxidative degradation-and
pyrolysis. When there is sufficient oxygen to support a fire the
oxidative degradation products are mostly carbon dioxide and
carbon monoxide (practically all fuels contain carbon). Their
ratio depends on the amount of oxygen available at the site of
combustion. In some fires oxygen may be consumed faster
than it can be supplied, and the effluents contain more carbon
monoxide and more particulate matter (soot). The smoke (the
visible component of effluents) becomes dense and very
hazardous. By contrast, in a well ventilated fire with oxygen in
excess combustion is complete. The final effluents consist of
quite innocuous ingredients- carbon dioxide and water
vapour-and no smoke is emitted. Many natural materials
(leather, furs, cereals) contain nitrogen, and so when burnt
give off nitrogen oxides, and sulphur, which oxidizes to
sulphur dioxide and sulphur trioxide. Nevertheless, at least
85% of all fire deaths not due to burns are thought to be
attributable to carbon monoxide.'4

Pyrolysis is a non-oxidation chemical reaction that may
intensify as the fire progresses when the available oxygen is
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consumed and the extreme heat has already developed.
Variations in the composition of pyrolytic products thus
depend as much on the temperature (heat) produced as on the
kind of fuel. Pyrolytic thermal degradation products could be
generated in a large number even from the materials whose
original chemical composition is relatively simple: over 75
different compounds are produced by the pyrolysis of a single
sample of polyvinyl chloride (PVC)." When ignited, PVC
very quickly emits copious quantities of hydrogen chloride.'6
This highly toxic irritant may cause the death even of well
protected firefighters. 7 Einhorn and Grunnet reported
examples of PVC wire insulation in very small fires (less than
0O5 kg of material degraded) resulting in the admission to
hospital of 15 firefighters. ' An analysis of the fire effluents in a
chemical fire in Plainfield, New Jersey, in 1985 with burning
PVC found benzene, methane, acetylene, and other organic
compounds.'9 These findings agree with those obtained in
several long known investigations of the pyrolysis of plastics
under laboratory test conditions.82021

While generating oxides combustion consumes enormous
amounts of oxygen and so may produce a rapidly progressive
lack of oxygen. It is this-in addition to the progressive
increase of carbon monoxide-that acutely and severely
threatens the life of victims. In a combustion test simulating
the fire which in 1979 occurred in the furniture department of
the Woolworth store in Manchester (in which 10 people died)
the oxygen concentrations started to drop from 21% after 30
seconds to 5-5% at two minutes. Carbon monoxide and
carbon dioxide started to rise at the same time and reached the
very high concentrations of5% and 10% respectively after one
minute 30 seconds.22 Rescue workers and emergency medical
services should be aware of the great peril of rapid anoxia.

Tissue anoxia in fires develops both directly and indirectly
through several pathways whose combination may provide an
explanation of some puzzling mechanisms of death. The first
origin of anoxia is the hypoxic fire atmosphere that leads to
decreased blood oxygenation. Immediately thereafter appears
carboxyhaemoglobinaemia, which also interferes with the
delivery ofoxygen from the unaffected haemoglobin to tissues
(a progressive shift of the oxygen dissociation curve to the
left-the Haldane effect). A third factor is the formation of
carboxymyoglobin: according to Astrup the binding of
carbon monoxide to myoglobin is three times higher than its
binding to haemoglobin, and this contributes to the decrease
of the oxygen transport function of myoglobin.23 The last and
sometimes the most important link in the chain is the
inhibition of cytochrome oxidase by the hydrogen cyanide
that is always present to some extent in any kind of smoke.

In fire anoxia the heart is the most threatened organ,
especially if previously ischaemic.24-26 And damage may also
be caused to heart muscle from phosgene, halones (fire
extinguishers contain these), and other halogenated hydro-
carbons in fire effluents.27 The cardiotoxicity of hydrogen
cyanide has been established in firefighters and in animals.20 60

In most explosives the chemical reaction is an instantaneous
abrupt oxidation using oxygen from the molecules ofexplosive
materials themselves. In the explosion of nitroglycerine,
for instance, the oxygen required is supplied by nitrate
groups. The effluents from explosives containing nitrates and
nitrocellulose yield high concentrations of both carbon
monoxide and nitrogen oxides.

Understanding fire toxicology
The era of fire toxicology began in 1929 with a catastrophic

combustion and explosion of nitrocellulose in the fire widely
known as the Cleveland Clinic Disaster. In the disaster
123 people, mostly hospital patients, lost their lives when

50 000 x ray films made of celluloid (then a newly developed
semisynthetic nitrocellulose polyester) ignited giving rise to
high concentrations of toxic gases."3' The main constituents
were nitric oxide, carbon monoxide, and hydrogen cyanide.
Of 123 people with fatal injuries, 97 died within two hours and
26 died "after survival of more than two hours but less than
one month."" In the first newspaper reports describing the
disaster "heavy brown fumes" were attributed to bromine gas
(thought to originate from silver bromide in the developed
films), but it soon became clear that they were those of the
much lighter nitrogen dioxide and nitrogen tetraoxide. 32
In another tragic and widely discussed fire disaster-the
holocaust of the Cocoanut Grove night club in Boston in
1942-fire and fire effluents killed 491 people for the most
part at the scene. Of the 114 seriously injured and taken to
hospitals 75 were either dead on arrival or died of anoxia
within minutes.3 ~6Of the remaining 39 only three were
entirely without respiratory symptoms.39 Most ofthe survivors
"were suffering primarily from some pulmonary complication,
the nature of which was not clear."34 According to Easton "it is'
suspected that some individuals were affected by nitrogen
oxide fumes derived from the pyroxylin content of about
44 pounds [20 kg] of artificial leather used as decorative

"916material."3
The most hazardous effluents are hydrogen cyanide and

other nitriles formed from foams of urea-formaldehyde,
polyurethane, polyacrylonitrile, polyamide (nylon), or from
any nitrogen rich material. Cellular plastics or "foams"
become rapidly engulfed in fires with the rapid spread offlame
across their (insulating) surface. In the Cleveland Clinic fire it
was believed that both carbon monoxide and hydrogen
cyanide contributed to death.3' Death from cyanide has been
implicated also in several other fire disasters, including two
inside aircraft.37 Controversy continues, however, about
whether cyanides account for fire deaths that could already
be explained by high concentrations of carboxyhaemoglobin.
In the Tennessee jail fire of 1977, 42 people died as the
result of inhaling very toxic gases from the combustion and
pyrolysis of the cell padding.0 38 This fire was unique in that
the material of the padding was the only fuel. Discussing the
contribution of hydrogen cyanide to these deaths Birky et al
pointed out that there were no fire victims in whom high blood
cyanide concentrations occurred with low or definitely
sublethal carboxyhaemoglobin concentrations.36 They
reported only one exceptional published case-that of a
fire victim from a road accident with high blood cyanide
concentration (3- 13 tg) and a non-lethal carboxyhaemoglobin
concentration (18%). Cases of fire victims have been reported,
however, in which both carboxyhaemoglobinaemia and blood
cyanide concentrations were sublethal and no other cause of
death could be found. Norris et al, discussing the possible
mechanisms of this synergistic lethality, suggested an
augmented inhibition by the two poisons of cytochrome
oxidase in the central nervous system."

Smoke and incapacitation
Smoke is the main and the only visible part of fire effluents.

It is a complex mixture of solid, liquid, and gaseous
constituents, non-homogeneous, and unpredictable. This
variation makes it impossible to evaluate its "dose" or its
pathogenetic, clinical, or even therapeutic aspects.
Smoke is so indicative of fire effluents that the terms are

sometimes used interchangeably. No wonder then that Watt
identified the term "smoke" with a little mystically coloured
"phlogiston,"2 and the Encyclopaedia Britannica was not very
far from this trend either ("The smoke is visible exhalation
from burning materials"). ' Into the much broader term "fire
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effluents" Sumi has built the smoke and toxic gases,' though
one might doubt whether there could be smoke without toxic
gases at all.
The transition from traditional fuels to synthetic ones has

meant that man has had to accept the hazard of much more
smoke. The general hazards are multiple. Firstly, depending
on its density smoke can reduce visibility to impede escape
and seriously hinder fire fighting. A critical density may
be reached well before toxic concentrations of carbon
monoxide.'4 Secondly, highly irritative ingredients (hydrogen
chloride, phosgene, isocyanates, aldehydes, ketones, and
some metal oxides and metal carbonyls) may cause not only
excessive lacrimation but also blepharospasm and even
laryngospasm. Thirdly, there may be an unexpected explosion
(described as the Chatham mattress phenomenon41) in which
dense, low heated smoke from smouldering foam rubber
explodes in sudden contact with the air. Fourthly, the actual
lethality of smoke or of each single component of fire effluents
may be less important than their common property of
incapacitating the victim during the early stages of fires.42 The
factors that may contribute should be clearly distinguished as
(a) purely physical (smoke visual obscuration, mechanical
entrapping); (b) immediate chemical aggression by strong
irritants; (c) early pathophysiological reactions due to direct
or indirect anoxia; and (d) acute behavioural disorders
including disorientation, panic, and catatonic stupor. The
end result is that the person does not leave the scene in time.

Even rapidly flaming fires take about three minutes to
produce heat and gases that are incompatible with life.43
This should allow ample time for escape, and most people
succeed-But why do some not?

Fire toxicology may offer some suggestions. Evidence has
gradually accumulated that hydrogen cyanide could be the
insidious and as yet not widely recognised toxic principle of
incapacitation. While still in tolerable and definitely sublethal
concentrations in the fire atmosphere (and even in the blood)
it may exert a critical incapacitating effect, exposing the
victim to high concentrations of carbon monoxide.8 This was
shown in a study in monkeys: Purser et al concluded that
cyanide caused rapid incapacitation "while death may occur
later due to carbon monoxide poisoning or other factors."4
The thermodynamics of hydrogen cyanide are not, however,
fully understood. Some fire effluents may contain other highly
toxic materials that would produce incapacitation at such low
concentrations or at such an early stage in the fire that egress
would be impossible. The fate of victims may then be sealed
because, as Hartzell et al often say: "Escape from a fire is the
key to survival."9
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Correction

Dangers of thrombolysis
An author's error occurred in this editorial by MrM C Petch (24 February, p 483).
The second drug named in the third sentence of the fifth paragraph should be
duteplase and not alteplase as published.
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