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SUMMARY

The products from the thermal and thermal-oxidative decomposition of FVG:
from 300 fo 500°C have been studied by gas chromatography and mass spectrometry.
Approximately seventy-five products have been detected up to naphthalerne by gas
chromatography and shown to consist essentially of aromatic and aliphatic hydro-
carbons. Weight loss experiments and time resolved chromatography indicate that
these productis are generated mainly during dehydrochlorination. The products are
modified slightly by the presence of oxygen but no oxygenated orgenic materials
have been detected. The products, apart from carbon monoxide, are shown to have
little toxicity in relation to the hydrogen chloride. Difficulties encountered
with the analysis of phosgene are recorded and some prellmlnary results from a
gseries of specific phosgene experiments are given.
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A STUDY AND TOXIC EVALUATYON OF THE PRODUCTS FROM THE THERMAE DECOMPOSTTTION
OF PVC IN AJR AND NITROGEN

by
W. D. Woolley

1. INTRODUCTION

(a) General Intrecduction

Over HO per cent of fatalities in fires can be direectly afffihuied‘to the
cambined effecte of smoke ard tzxig gssesj. Regagrnh is in progresa te study
the production of certain toxic materials from both traditional {cellulosic) and
‘modern building materials. particularly plastics, in model and ful]~séale fires.
To date. a detailed study has been made in this way of carbon monoxide2 production
from cellulosic fuels and carbon monoxide end hydrogen chloride production from
PVC -~ ceilulosic f‘uelsz”[4

The release of toxic materials other than carbon monoxide and hydrogen chloride

under various fire conditions.

from fires involving PVC has been tbe subject of speculation for many years. BSmall

amounty of phosgene. formaldebyde and other oxygenated speciesb

have bgen tentatively
identified in the decomposition products of FVC, but the coentribution of these
materigls to the overall toxicity of the fire gases is uvncertaiu.

In fires, PVC may be subjected to tewperatures in excess of 1000°C 1in _
atmespheres ranging from a nominal 20 per cent to as low as a few per cent 6f oxygen.
Because of this. the overall generation of prvducts in a fire is an extremely complex
process and an attempt tc break this process down into simple steps is shown in
Figure 1.

Firstly, gaseous products are generated by the thermal and'therma]-oxidatjvé
decomposition of the so0lid PVC. The pyrclysis products formed in this wey contain
only the atdms of carbon, hydrogen and shlorine. Under oxidative conditions, in
eddition to the well established carbon wonoxide, carton dioxide and water, orgahic
and inorganic oxygenated species may be formed. .

The decomposition products from the sclid phase are released into a relatively
mobile gaséous fire zone and are further decnmposed in the gas phase in inert
or oXidative-combustion envirenments. In general. in the inert gaseous zone
pyrolytic degradations znd cross reactions may take place., whereas in the oxidative
or combustion zores combustible material is consumed with the generation of carbon
monoxide , carhon‘dioxide;-water, and possibly further oxygenated species.

Certain oxygenated materials such as phosgene or forwmaldehyde which may be
formed during the decomposition of PVC can be highly toxic and it is exfremely

important to know of the presence of these waterials in the fire gases. Recently,.



in studies of the thermal and thermal oxidative decomposition of PVC (solid phase)
Tsuchiya and Sumie'have suggested that oxidation is not an important route in

the formation of products other than carbon monoxide, carbon dioxide and water,
This is rather surprising and clearly required elucidation. |

The work outlined in this report was undertaken to study in detail the sclid .
rhase decomposition products of FVC in air and nitrogen,(as in Fig.14A) by gas
chromatography and mass spectrometry. It was anticipated that this study would L
clarify the role of oxygen in the solid phase decomposition, give information about =
possible toxic constituents and provide useful data for the study qf the gas ﬁhase
decompositions (as in Fig.1B) at a later date. | -

In this report, small samples of a commercial rigid sheet of PVC have been
decdmposed in a furnace at temperatures between 300 and 500°C in & stream of air
or.nitrogen. A flow system was used in this work in order to extract the decoﬁposi-
tion products from the hot furnace zone and minimise gas phaseointeractions in the,
furnace section. Details are givenofr special syétem for thne on-line collection
and direct injection of volatile decomposition products into a gas chromatograph
for analysis. '

Before undertaking chromatographic experiments a series of preliminary
investigations based upon the weight loss of the PVC and the evolution of hydrogen
chloride with time were undertaken. These experiments are recorded to show the -
almost quantitative release of hydrogen chléride, the correlation of general product
formation with dehydrochlorination and at temperatures of 45006 and agbove in qir
the oxidation of the residue following dehydrochlorination..

' Because of the rapid release of hydrogen chloride from FVC at temperatures

above 300°C, two decoﬁposition stages are defined for convenience in this repert,
The primary decomposition stage refers to the period between zero and complete
dehydrochlorination and the primary products are those products generated during
this period. The secondary decomposition stage refers to the decomposition period
following complete dehydrochlorination. Products, both oxi¢qtive and pyrolytic
elimingted from the dehydrochlorinated residue in the secondary stage are termed -
secondary products.

) Experiments using a pure sample of PVC are outlined to compare the product’
formation between a pure and a commercial PVC sample.

From & quantitative survey of the main organic components of the decomposition
products a toxie analysis of these components in relation to the toxicity of
hydrogen chloride is presented, In this analysis, preliminary phosgene detection
levels are quoted for the commercial PV(. Phesgene, a difficult material to detect
quantitatively by chromatography due to the high reactivity and insensitivity to

flame ionization detectors has bheen studied :saparately by‘thermal conductivity
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experiments. This work will be recorded in detail in a future publicationT.

Some relevant literature aspects of the dehydrochlorination reaction and
existing knowledge about product formation from PVC in both laboratory and
fire experiments are reviewed.

(b) The Dehydrochlerination Reaction

(i) Low Temperature Studies_and Mechanism
The formation of hydrogen chloride from PVC has been established for many years

and hgs probably been studied more extensively than any other single aspect of
polymer degradation. In spite of this there is still a great deal of uncertainty
about the mechanism.

It is peyond the scope of this report to examine the full aspects of the _
dehydrochlorination mechanism and the reader is referred to a series of excellent

8:92.10! 11

articles on the subject and in particular to a recent report by Geddes

. It is . relevant to consider the fundamental aspects of the process.

It is welll keown that in nitrogen at temperatures between 150°.and 200°C FVC
loées a small percentage of hydrogen chloride and becomes highly coloured. Colour
formation is attributed to the building up of a conjugated polyene structure.

This type of structure is known to be highly coloured from work with certain
natural products such as the carotencids and related materials and between 7 and
17 8,10 conjugated bonds are required for colour formation. It is clear that at
thaée low levels of dehydrochlorination less of hydrogen chloeride is not a random
procéss but occurs progressively along a chain from various iniﬁiatipn sites.
Phis effect has led to the term ‘zip' reaction. .

8’11’12’13-and produces a

Oxygen plays an important part in the degradation
distinct increase in the rate of dehydrochlorination. Also there is a decrease
in the rate of colour formation and in fact the coloﬂi‘produced by the degradation
of BPVC in nitrogen may be bleached by the addition of oxygen during the heating
cycle.

~ In early studies hydrogen chloride itself was thought to have a catalytic

effect on the degradation. As a result hydrogen chloride absorbers (generally
basic salts) were incorporéted successfully into the pelymer for commercial use.
In 1953.Dnueéedow14 using an interrupted flow technique found that the evolution
of" hydrogen chloride did not depend upon the hydrogen chloride concentration near

15 in & study of the

the polymer. This was confirmed in %954 when Arlman
decomposition of P¥C in air, nitrogen and oxygen showed that the injection of
hydrogen chloride into the carrier gas prior to the furnace did not alter the
degradation rate. These results appeared to resclve the catalytic guestion but
more: recent work by Talamini16 using a vacuum system showed a distinect catalytic
effect. | 7 .

At present there are two main theories for degradation.

T

- i -



Firstly, a unimolecular elimination theory and secondly and more probably the
radical chain process.
In the radical chain process chlorine atoms are considered to be the most likely

0,17

chain carrier8’1 namely :-
ca + ~CH, -CHC3 - CH, - CHC - = —CH,, - CHCL ~ CH ~ CHC - + HC1

- CHCL = CH = CHCL - <=> ~CH, =CH = CH - CHC1 - + C1

- CH 5 : . 5

2

When an unsaturated unit is introduced into the polymer the hydrogen on the
ad jacent methylene group is abstracted.thore easily by the chlorine atom. The ease
of abstraction increases with the length of the conjugated polyene and gives rise -
to the 'zip' remuvsl of hydrogenm chloride. The activating influence of the
" unsaturated bond is usually referred to as allylic activation. Chain’ termlnatlon

occurs at abnarmalities in the chain such as a cross link or by radical’ loss.
There is some controversy over the chain initiation step and it is likely ‘that

the chain is nofwinitiated by a C~-Cl bond cleavage but by a radical produced from
& structural defectf1; In the latter case oxygenated species either as impurities
or from fragments of polymerisation catalysts incorporated into the chain may be
responsible. Such sites could give radicals with a process requiring less
actlvatlon energy than a C-—-C1 split.

" Oxygen probably assists the dehydrochlorination rate by the formation of
oxygenated materials (such as peroxides) which gives an imercase in the number
of initiation sites. Oxygen attack would also be expected at the unsaturated
zones and this process could upset the conjugated polyene structure giving a
bleaching effect.

' The unimolecular elimination mechanism, as the neme implies, considers the
" dehydrochlorination to be the loss of molecular hydrogen chleride. The unzipping

of hydrogen chloride molecules progressively along a chain is again explained by a
type of allylic activation.

Most of the information available appears to suppert a free radical process.
However certain oriteria, for example the stabilisation of PVC by inorganic | -
materials which is not easy to explain by a radical process, need to he resolved
before the full mechanism of dehydrcchlorination can be elucidated. ' -

" (ii) High Temperature Studies

In dehydrochlorination studies experiments have generally been carried out

at relatively low temperatures for ireaction mechanism studies. Svurprisingly
little work has been performed on dehydrochlorination in excess of 200°¢ and it is
in this region which is of particular interest in the production of hydrogen
chloride in flres. In general it is accepted that at these temperatures
dehydrcchlorlnatlon is virtuaily cmanti‘fa.’cj_vca‘;7 3t"'
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The radical chain ('zip') eliminaticn of hydrogen chloride where initiation

depends upan structural abnormalities limits the general kinetic handling of
experimental data for predicting the evolution of hydrogen chloride in fires.

For example Telamini20 reports that in a study at temperatures between 200 and

220°C the rate of dehydrochlorination is dependant upon the molecular weight of

the polymer. Data of the kind produced by Stromberg21 looks more promising-and in i
a study over the range 230 to 260°C showed that the rate of dehydrochlorination

is a 3/2 order decomposition dependent upon the remaining chloriné in the polymer.
This type of data could te used in estimating rates of production of hydrogen
chloride in fires from temperature measurement but the correlation between
_different commercial samples would require investigation.

(c) Product Formation other than Hydrogen Chloride

. Organic¢ products from the thermal decomposition of PVC have not been widely
studied »ut are known to be a complex mixture of aromatic and aliphatic hydro-
carbons. The complex nature of the products and their identification in the
presence of large quantities of hydrogen chloride has considerably inhibited
analytical‘work. Madorsky9 and his co-workers at the National Bureau of Standards
contributed much of the early data on the decomposition using a mass spectrometer
to identify the products. Mechanisms for the production of these materials are
very vague and aromatic production is briefly explained as a ring closure of the
pelyene chain formed by dehydrochlorination11.

;Becently, pyrolysis chromatograpbhy has been used for produvct. studies and
Noffz and his co-worker322 using a capillary column again demonstrated the complex
nature of the products and identified many of the larger components as aromatic.

.Few attempts bave been mede to.study products during decomposit.ons in air.

23

Thinius™ in 1964 by chromatography showed the presehce of saturated and un-, .
saturated hydrocarbons up to octadiene, benéene? toluene and other related
aromatic hydrccarborns. JIn addition to this he noticed the formation of small
amounts of chlerinated hydrocarbons and using paper chrcomatography detected
formaldebyde, acetaldehyde and certain ofher oxygenated materials. WNo phosgene
was detected.

More recently, Sumi6 again demonstrated the formation of aliphatic and
aromatic hydrocarbons. He did not detect oxygenated species.

(@) Product Formation in Fires

The information relating to *hs.generation of toxic gases other than carbon
moncxide and hydrogen chloride frem PVC in fires is rather vague. Mostly, and
quite understandably. studies have been made on specific toxic gases rather than
attempting to consider the general principles of product formationZA’QB.

Existing data on the production of toxic gases from building materials up to
1963 are presented in a review by the American UnderwritersJ%aboratoriess. The
data reported in this review for P¥C &re vather conflicting and although the
general evidence supports the formation of the hydrocarbon materials there is

still a controversy cver the formation of oxygenated species.
-5 -



2. EXPERIMENTAL

(a) The Decomposition System

The decomposition system is outlined diagrammatically in Figure 2.
Essentially this consists of a silica tube (18 mm internal diameter) fitted into
& tube furnace as shown. The furnace is controlled by a proportional temperature
controller for operation up to 1000°C (Pemperature stability * 2°C at 500°C).
The sample Iusually 15 mg of PVC) is placed into & small ceramic boat and
introduced into the furnace by the influence of an external magnet on the steel
plug P, attached to the boat with a length of chromel wire. A small locating mark
on the glass tube, aligned with the steel plug ensures that the boat is always
injected into the centre of the furnace. The gas flow over the sample during
decomposition is introduced at the side arm A. A total injection flow rate of
100 ml/min at 20°C is used in all of the work outlined in this report. The flow
rates of the gases are controlled by the needle valves V1 and V High purity
nitrogen (B.0.C. white spot grade) or compressed air (B.0.(. medlcal grade) are
admitted via valves V1$ and Vz-?espectively and monitored by flow meter F1. A
silica gel ~-molecular sieve trap in each supply line between the cylinder and the
needle valve ensures a supply of dry gas in each case. J

The smoke and vapours produced by the decomposition of the PVC in the furnace
are swept by the furnace carrier gas along a heéted tube and into a stainless
steel Perkin Elmer gas sampling valve. The valve is joined to the silica
decomposition tuﬁe with a silica - pyrex graded seal and a pyrex - metal union.
The sampling loop is a 35-mm length of stainless steel tubing (3.2 mm o.d) forming
a double collecting loop as shown, The loop is connected to the valve with two
short lengths of 3.2-mm stainless. tubing coupled to the loop with bress unions as
shown. The brass unions are internally enlarged to ensure a ‘butt® joint of the
stainless tubes in each union. The unions, silver soldered to a metal bracket
serve two functions. 'Firstly, théy proﬁi&e a convenient point for detaching the
loop for cleaning and'secondly serve as & useful barrier between the hot and cold
sections during collection.

The sampling valve is coupled into the helium carrier gas supply to the
chromatograph between the flow regulator and the injection port with 3.2-mm
stainliess steel tubing. The valve, which contains a P.T.F.E. rotor, is maintained
at 130°C by surrounding it with electrical heating tape contirolled from. the mains.
In a similar way the line from the furnace to the valve, the injection tube
connecting the valve to the chromatograph, the waste tube from the valve and the
two short tubes from the valve to the brass unions are also malntalned at 150 C.
For convenience this-heating tape is represented in Fig.2 by dotted lines.

For the collection of decomposition prodicts in the loop the gas sampling

valve is turned to the 'collect' position. In this pesition the products are

-6 - o
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directed into the collecting loop where they are frozen out from the furnace
carrier gas by surrounding the loop with a refrigerant. The furnace carrier gas
continued: to waste via the exit tube. An internal bypass in the valve maintains
the supply of helium carrier gas to the chromatograph.

After collection of the products, the valve is turned to the 'inject' position
and now the helium to the chromatograph flows through-the loop while the fuumacz.gas
proceeds to waste via the internal bypass. As soon as the valve is turned to the
‘inject' position the refrigerant is removed and replaced quickly with & hot
fluid. In this ﬁay the trapped products are vaporised and carried by the helium
carrier- gas along the heated tube into the gas chromatograph for separation and
identification. The valve and injection lines are maintained at 13006 to ensure that
there is no condensation or absorptiom of material in the tubes and valve prior to
entry into the chromatograph.

In a preliminary study of the products from: the thermal decomposition of WC
in mitrogen the loop was immersed in qupid nitrogen (-19600). For the vaporisation
of the trapped products, the liquid nitrogen was removed and quickly replaced with
& dewar vessel fili=d with water ah 9500. During collection, the level of the
refrigerant was always maintained at a distance of not less than 20 mm from the
brass unions to ensure that the unions did not cool to belnw.9OOC. On injection,
the hot water container was reised quickly untill the hot water touched the brass
unjons. Tn this way. cold spots in the collecting loop were avoided.

It must be emphasised that liquid nitrogen cannot be used as @ refrigerant
in studies with a&ir as the furnace carrier gas, due to the possibility of trapping
liquid oxygen into the locp, possibly with disastrous consequences. 1In early
experiments om the decomposition of FVC in air a cénstant temperature slurry of
isopéntane at ~ 160°C was used26 as & refrigerant. This was prcpared in a dewar
vessel and placed around the loop but in later experimeuts it wes more convenient
t.o prepare the slurry in situ, as shown in Fig.2. £ small glass boiling tube
containing isopentane was: precooled in & fume cupboard and placed around the loop.
The isopentane;wgg_then cooled down to—160°C by placing a dewar of liquid nitrogen
around the boilling tube:. & thermocouplle, silver soldered to the base of the loop
was used to monitor the loop temperafure by displaying the thermocouple output
onto a direct reading meter, calibrated at —1600C with a slurry. During a
collection experiment the loop was maintained at -160°% simply by raising or
lowering the liquid nitrogen; the phase change in the isopentane assisting the
temperature contrel. In practice it was relatively easy to neintain. * 3°C of this
. fixed point. -

A hot water bath was not used generalliy to vaporise products in the loop for

chromatography in experiments with the isopentane refrigerant, due to residual

-7 -



isopentahe causing spitting when in contact with the hot water. This problem was
overcome by using a fluidised sand bath at 15006. Experiments showed that the
injection cyclelfrom:refrigerant to heating could be completed within eight
seconds; this short time being necessary for good chromatographic resolution.
(b) Analysis of Hydrogen Chloride

A glass side arm was attached to the glass tube from the furnace to the gas

sampling valve (as shown in Fig.2) for monitoring the hydrogen chloride, In these
experiments the waste pipe from the gas sampling valve was closed to divert the
furnace carrier gas to the analysis tube. The length of the analysis tube was
adjusted to give the same flow time from the furnace to the hydrogen chloride trap
as from the furnace to the product trap, Fydrogen chloride was monitored by
bubbling the gas through 20 ml of Aistilled water* and titrating in situ with
N/25 NaOH. In the experiments where the hydrogen chlafide evolution was monitored
with time, small aliquots of WaOH were added to the distilled water and the time
.recorded for the indicator to change colour, “In experiments with pitrogen as the
carrier gas phenolphthalein (pH 8 to 10) was used as indicator. In studies with
eir, dimethyl yellow {pH 3 to 4) was used to avoid possible problems from carbon

dioxide. In the mitrogen experiments the two indicators gave identical results.

(@) - Chromatographic Analysis

A Hewiett Packard 5750 research chromatograph was used for these: experiments,
fitted out as a dual column instrument with two 1 : 1 output splitters coupled
to & flame ionisation and a thermal conductivity detector. The outputs of the tw
detectors could be monitored simultanecusly with a dual pen whart recorvdot,
although in most of this work the produet concentrations were below the sensitivity
1imit of the thermal conductivity detector.

For analysis by mass spectrometry samples were collected from the exit of
the non destructive thermal conductivity detector. '

Pwo column types were used for the analytical separations. & silicone grease
column gave an overall appraisal of the products and a Porapek @ column used for

a more detailed separation of low molecular weight materials. The operating

fA collection system of twe gas bottles connected in series, each fitted with a
sintered glass disc to assist the collection of hydrogen chloride in the distilled
water, was used in preliminary experiments. Time resolved titrations could not
be performed in this way hut final titration levels were identical to those using

the simple single flask and this complex system was discarded.
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conditions of these two columms are giwven btelow.

(1) Silicone grease on chromosorb P {Perkin Elmer column material No. 496 0769),
3mx 3.2 mn in stainless steel. Temperature programmed from 3000 at 2°C/min to
250°C. Helium carrier gas, 30 ml/min.

(2) Porapsk @, 2 m x 3.2 mm in stainless steel. Temperature programmed from
30°% at 4, C/min to 250°C. Helium carrier gas, 30 ml/min.

(d) Mass Spectrometry

For the identification of materials separated by gas chromatography the
components were collected from the effuent gases at the cutput of the thermal
conductivity detector and analysed with an E.E.I.*'MS1002 mass spectrometer
(resolution 1 in 350 at %0 per cent valley). Details for the collection, storage
end mass spectrometric analysis of small amcounts of material taken from the
chromatograph have been outlined in a separate publicat-ion27 and will not be
considered here. This report also containg details of & modification to the
inlet system of the mass spectrometer giving an increase in sensitivity of up to
30 times above the standard sensitivity. A calibration experiment showed that
5.5p;g of n-hexane collected from the chromatograph would give an acceptable mass
spectrim. K lower limit in sensitivity of approximately 0.1f«g was estimated for
the ccllection and identification process
(e) Materials
‘ Small cubes (approximately 3 to 4 mg each) of a rigid commercial sheét, of
the type used at the Joint Pire Research Organization to study the behaviour of
PVC in fires, were used in the majority of experiments outlined in this report.
Essentially the material is a PVC emulsion polymer containing approximately
10 per cent of organic and inorganic additives with an overall chinrine content
of 49.3 per cent.

. Scme comparative experiments are shown using a relatively pure PVC emulsion
polymer in powder form. The weights of samples used in the experiments of this
report are detailed below. A4s shown, sampi=. weights during dehydrochlorination
experiments were increased to 30 mg to assist the analysis of hydrogen chloride.

Commercial PVC (Solid pieces).

Dehydrochlorination Experiments - Sample weight 30.0 Iy mg
bata corrected to 30.0 mg
Weight lLoss Experiments - Semple weight 15.0 1 1 mg
Data corrected to 15.0 mg
Chromatography Experiments - Sample weigﬁt 15.0 o mg

No corrections

*Now G.E.C - A.E.I. Ltd., Manchester
-9 -



Pure PVC Polymer (Powder)
Chromatography Bxperiments Sample wedght. 15.0 pa 0.5 mg

No corrections

3. RESULTS
(&} Dehydrochlorination Studies : ~

Figures 3, 4 and 5 show the evolution of hydrogen chloride with time from
30 mg of -the commercial PVC at temperatures of 300, 350 and AOOOC respectively

in nitrogen and air. Hydrogen chloride is plotted as percentage of the theoretical, .

celculated from the chlorine content. At AOOOC the rate of evolution of gas was so
rapid that no attempt was made to monitor the rate between 2.5 and 80 per cent of
theoretical dehydrochlorination. The evolution was also followed at 500 and 600°¢C
in. the same way but is not shown in this report.

In the lower temperature experiments, namely at 300 and 35000 (Fig. 3 and 4),
hydrogen chloride is given off at an increased rate in air and the final level is
also greater in air than in nitrogen. At AOOOG and above a reversal takes place
and although it is difficullt to compare rates in intermediate stages the final
titration levels in nitrogen are somewhat greater than in air. For convenience
the final hydrogen chloride levels at these various temperatures are shown in
Fig.6. The reversel in Fig.6 is quite apparent, and a repeat experiment confirmed
that this reversal was a real effect and not an experimental error. It should be -
noted that the final hydrogen chloride levels lie between 91 and 98 per cent of
the theoretical.

. ' The time scales in Figs. 3., 4 and 5 are given in minutes after injection of
the boat and saﬁple into the hot furnace. Clearly a time interval elapses before
the hydrogen chloride produced is carried by the flow gas to the distilled water in
the collecting flask. The injection flow rate of gas into the furnace was
contrclled at 100 ml/min at 20% giving a calculated transit time of approximately
0.75 mins from the boat to the distilled water assuming the furnace and associated
lines to be at 20°C.-

From Figs. 3, 4 and 5 an extrapolatiom of the graphs to zero hydrogen chloride
yield should give the collection interval. Xs expected the interval decreases with
inereasing furnace temperature but is much greater than anticipated. For example
at 30000 the time for zero dehydrochlorination is approximately 2.0 minutes which )
is considerably greater than the calbulated value for a furnace at ambient
temperature. It is thought that this difference indicates an sppreciable time for
heating the sample to flurnace temperature.

From the data in Figs. 3, 4 and 5 and equivalent data (not shown) for
experiments at 500 and 600°C = time for 100 per cent of experimental dehydrochlori-
nation (i.e. the time for complete dehydrechlorination as shown by tht experimental

curves) is estimated and tabulated in Table 1; alsd ®hown is an extrapolated time
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for zero dehydrochlorination and a time for 50 per cent (of theoretical)
dehydrochlorination. - Table 1 also shows the times for 50 and 100 per cent

dehydrochlorination based on real time of decomposition i.e. time from extrapolated

dehydrochlorination,
Tahle 1
Experimental and Real times
for 0, 50 per cent and 100 per cent
Dehydrcchlorination
ExﬁerimentallTime ' RealuTime
0 50 100 50 100
° per cent per cent per cent per cent
300°C Nitrogen | 2.0 3.9 9.0 1.9 7.0
Air 2.0. 2.85 9.0 1.85 7.0
350°C Nitrogen | 1.3 2.0 5.0 0.7 3.7
HAir 1.3 2.0 5.0 0.7 3.7
100°C Nitrogen | 0.9 1.4 L.5 0.5 3.6
Air 0.9 1.4 4.5 0.5 3.6
500°C Nitrogen | 0.5 0.75 3.5 0.25 3.0
Air 0.5 0.75 3.5 0.25 3.0
600°C Nitrogen | 0.5 - 2.0 - 1.5 -
Air 0.5 - 2.0 - 1.5 :
I

These real times are recorded to assist other work at J.F.R.0. in a programme

to investigate the production. of hydrogen chloride from fires involving FVC. In

this work a knowledge of the rates of evolution of hydrogen chloride based on the

time and temperature history of a PVC sample in a fire would be very valuable.
Some considerable effort was directed into an analysis of the evolution of hydrogen
chloride at temperatures of 3000 and 55OOC (Fig. 3 and 4) to determine if a practical
rate equation could be evolved to represent dehydrochlorination over the 0 to 80
per cent region. Unfortunately there is too rapid an evolution of hydrogen chloride
to justify this evaluation at these temperatures and it is planned to extend this
study to tsmperatures between 200 and BOOOC. This work will be reported. in a future
publication28
(b) Weight Loss Experiments

Yigures 7,89 and 10 show the weight of commercial PVC with time at 300, 400,

450 and 50000 in air and nitrogen from 15 mg samples, monitored simply by removing

the boat and sample from the furnace after known time intervals and weighing. Also
shown on these graphs is the experimental time for 100 per cent dehydrochlorination

(from Table 1) and the theoretical weight loss due to hydrogen chleride removal.

)



Deviation of the experimental weight curve from the theoretical weight loss indicates
product formation other than hydrogen chloride.

For convenience the deviation in weight from the theoretical (A M) is shown in
Table 2 for various times and temperatures and from this table and the data of o~

Figs. 7, 8, 9 and 10 certain interesting points are apparent,

Table 2
Deviations from the Theoretical Weight Loss (& M)
of PVC with Timerat various Temperatures

) T 3 '
A M (in mg) after
Time for 100 per cent | 10 mins } 20 mins ) 30 mins
o HC1 loss i
3007°C Nitrogen 0 t 0
Kir 0 foo 0
1400°C Nitrogen 0.8 0.9 } 0.9 0.9
Lir 0.9 0.9 i 0.9 i 0.9
1450°C Nitrogen 1.7 2,5 2.6 2.6 ]
m 119 2-9 640 6.5
500°C Nitrogen 3.0 3.4 3.0 3.k
Kir 3.0 £ 6.5 | 6.5 )

(1) At 300° there is no appreciable deviation from the theoretical over a period
of 30 minutes in air or nitrogen. '
(2) At AOOOC.a weight loss deviation of approximately 1 mg is apparent during
the dehydrochlorination or primary* decomposition stage. The residue appears to be
surprisimgly stable in air and nitrogen.
(3) At 45000 there is evidence of a secondary™ weight loss in nitrogen although
most ef the loss occurs during dehydrochlorination. In air the primary process
follows a similar path to the nitrogen case but a compliete oxidation to non- -
combustible ash occurs in the secondary stage between about 10 and 30 minutes.
(4) At 500°C the primary weight loss is quite considerable but similar in air and )
nifrogeh atmosphereé; The secondary weight loss in nitrogen compared to the u50°c
case is rather small, After deﬁydrochlorination, secondary stage oxidation in air
is very rapid.

The dehydrochlorination experiments dindicate that the release of hydrogen
chloride from P¥C is virtually quantitative at temperatures above 300°C in air and

* In this report the primary processes refer to the decomposition period from
zero to complete dehydrochlorination. BSecondary processes refer to the
period following complete dehydrochlorination.
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nitrogen. Because of this, the deviation in weight loss from the theoretical is

a direct measure of general product formation in addition to hydrogen chloride. The
weight loss'experiments clearly show that these general products are formed
predominately during the primary decomposition or dehydrochlorination stage,

(¢) Product Analysis

(i) Genersl Studies

Beceuse:of the relatively sliow but complete oxidation of FVC in air in the

secondary decomposition zone at 45006, this temperature was chosen for preliminary
product analysis experiments. In order to separate the products from the two
decomposition. stages, product analysis experiments were performed over the two -
regions. This time resclved chromatography was undertaken for two reasons. TFirstly
to study the predominance of products in the primary decomposition stage and -
secondly to study possible toxic oxygenated species in the secondary oxidative

stage without the interference of the many primary products.

Figures 11 and 12 show chromatographic traces on the silicone grease column
using the flame ionisation detector of the products obtained in the primary
(0 to 100 per cent dehydrochlorination) stage of O to 4 minutes in air and nitrogen
from the commercial PVC. The flame ionisation detector is insensitive to inorganic
materials and in general = substance must have a C - C or a C - H bond for analysis.
As a result the relatively large amount of hydrogen chloride (approximately 7.5 mg)
injected into the chromatograph with the minor products is not detected. In a
similar manner water, carbon monoxide and carbon dioxide generated in oxidative
stages are also not detected although carbon monoxide would not be retained in the
collection trap. ‘

The chromatographic traces in Pigs, 11 and 12 show very good resolution and
indicate an extremely complex series of components. Fur}her, the two traces are
very similar even in the detail and intensities of the fine structure.

The chromatographic traces were both recorded on an emplifier range 10 and
attenuation 16. This relatively high sensitivity was chosen to show the fine _
structure and consequently many of the larger pesks are greater than the full scale
recorder deflection. An arrow and attenuation near each of these peaks is given
to show the peak height. For example, in Fig,11 toluene (peak 38) has a peak
height shown by the point of the arrow at attenuation 32. The smaller numbers are
given for peak identification. Approximately 75 peaks are distinguishable in the
chromatographic trace slthough some of this fine detail mgy be Iost during dupli-

cation. There are clearly some minor differences between the traces in air and
nitrogen and in particular the enhancement of peak 75 in the air experiment.

A study was made of the large peaks in a repeat of the nitrogen experiment
of Fig.11 by retention time experiments and mass spectrometry and the data are
shown in Table 3. For retention data known materials were injected into the furnace
carrier ges and trapped in the usual way in the collecting loop. In this way
errors due to the transit time from the loop to the chromatograph and other injection

errors were avoided.
- 13 -




Table 3

Tdentifiication of Decomposition Products on Silipome Grease

Peak Number Retention Data Mass Spectrometry
3 C.s C, hydrocarbons “ HC1 Interference®
L D 2? 73 .

73 D Ch hydrocarbons HC1 Interference*
8
) D C. hydrocarbons MC1 Interference®
5
5)
29 Benzene Benzene
38 Toluene Toluene
16 p-Xylene Xylene
L7 n-Xylene Xylene
49 o-Xylene Xylene
75 Naphthalene Naphthalene
(with difficulty)
D' = Doublet
* = Mass spectrometry not possible due to
HCl Interference.

‘The relevant mass spectra of peaks 29, 38, 46, L7%, 49* and 75 are shown -
Mass spectrometry of doublet peaks 3:4, 7:8 .and 14:15 proved
Thermal
conductivity experiments showed that the huge hydrogen chloride peak was eluted
Peak 75 was tentatively

identified by the characteristic naphthalene odour prior to retention and mass

in the appendix.

ineonclusive due to the elution of hydrogen chloride in this region.
near peak 4 and tailed very badly up to peek 15.

spectrometric' confirmation.

Figs,13 and 14 show the chromatographic traces of the secendary decomposition
stage, again of the commercial PVC {15 mg samples), at 450°C in nitrogen and air
recorded as before on amplifier range 10 attenuation 16. In nitrogen the general
decomposition. pattern is similar in structure to the O to 4 min period (Figw11) -
but much lower in intensity and with certain exceptions. TFirstly, although fhe
aromatic structure is reduced considerably, toluene, the xylenes and naphthalene
are quite distinct yet benszene is absent. Also peak positions do not agreé
exactly between the two stages. This deviation is small and associated with
certain peaks up to bengzene. Experiments showed that the injection of large
quantities of hydrogen chloride slightly modified the retention time of a test

material (n-hexane) and this inhibited the correlation of weitain peaks between

"Mass spectra of peaks 46, 47 and L9 were identicalAaﬁd only the mass
spectrum of peak 46 is shown in the appendix.

Al




- between the €

the two stages. Figures 13 and 14 are numbered as accurately as possible to
show the pesk correlation between the two Stages. _

In air in the 4 to 30 minute period there is a complete oxidation of
approximately 4 mg of material but there is only a trave of products. Again the
aromatic structure is distinct and rather surprisingly benzene is present. There
is 1little evidence to support the formation of oxygenated materials during this
oxidation.

{ii) Studies _of Low Molecular Weight Materials

Because of the interference of hydrogen chloride in the mass .spectrometric
identification of materials eluted at low retention times, an attempt was made to
assist the separation of these low boiling materials using & Porapak Q column.
Details of the operation of this column are given in the experimental. section.
Essentially Porapak Q has a porous polymer bead structure and is reported to give
good peak shape and resolution with polar and non-poiar materials of small molecular
size.

Tnitial experimerits (again using 15 mg samples of PVC) showed very éood
separation of the low boiling hydrocarbons but there was little repitniucibility
in guantitative measurements between apparently identical experiments, particularly
o and C5 materials. This was attributed to variationé,in the
temperature of the collecting loop between experiments and in fact it is surprising
that C2

efftcieny oollection of these hydrocarbons for mass spectrometric analysis some

materisls are collected at all at - 160°C. In order to ensure the

experiments were performed in a nitrogen atmosphere using liquid nitrogen for.
collection. Figure 15 shows a typical chromatographic trace of the hydrocarbons
from a complete decomposition {(i.e. O to 30 minutes) at 45000. For identification
purposes peaks are numbered alphabetically to avoid confusion with silicone grease

c,. ¢, ¢C

nomenclature. The CZ’ 3: Cps and C6 pattercsare quite distinet., Peak ¢
. +

51

is a disturbance in the detector frem the elution of hydrogen chleride and_dbes

not interfere with any of the other materials. The trace was recorded on the
flame detector at an amplifier range 10 attenuation 8, to show the fine structure.
By retention time experiments and mass spectrometfy the identifications as shown
in Table ) were made. The mass spectra of peaks a,b,d,e,j.k,q, and r are shown
in the Appendix. The mass spectrum of peak w (benzene) has been recorded from
silicone grease experiments and is not shown again. Samples of pentene and

butene were not available for retention studies.
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Table &

. Anglysis of Hydrocarbons on Porapak @

" Peak Identification

Retention Data

Mass spectrometry

a ethene éthene
b ethane ethane
o hydrogen chloride -

d propene propene
e prepans Ppropane
J - butene
k n-butane n-butane
q p pentene
T n-pentane pentane
u "

w benzene benzene

* Tnsufficient resolution from benzene for
analysis
4 not available for retention studies

For comparison Figure 16 shows the products from a O to 30 minute

decompeosition in air with product collection at -160°C. Because of the higher -

collection temperature the collection efficiency falls off rapidly towards 02

but seme pesks (peaks f,g,h,1,m,n,o and in particular peak f) are quite distinct.
In fact these pesks are not new but do appear in the nitrogen experiment but are
greatly enhanced in the presence of air. Several attempts were made to analyse
peak f by mass spectrometry and although apparently present in sufficient
.quentity fer identification gave no spectrum. Retention experiments showed that
the peak had the exaet retention time of vinyl chloride and experiments wherera
simillar amount of vinyl chloride was introduced into the mass spectrometer also
gave no spectrum. It is thought that in small amounts the material is leost either
by polymerisation or by absoerption on the walls inside the mass spectrometer. -
The data from the Pdrapak column supports the suspected retention datae for doublets
3:4, 7:8, and 14:15 in the silicone grease experiments. For convenience table 5 )

shows the correlation of the peak numbering on Porapsk § with the alphabetical

notation of the silicone grease column.

A6

F — ma



Table 5
Correlation between The Ch Chromatographiz Peaks
© on Porapak Q and §1llcone Grease

Porapak @ Pesk Material. Silicone Grease
a ethene
b ethane D
d propene Sk
e- propane : : ) .
J butene A) D
k butane ) 7,8
qQ pentene' ‘ ) vy il
T pentene )
benzane 29
- toluene : 18
- p-xylene _ L6
- m-xylene W7
- v ‘ c-xylene 49
- naphthalene 75

e - - — - -

(iii) Temperature Dependence of General Products

In additicn to: the experiments outlined at ABOOC product studles on 81llcone
grease were extended cver the range 300 to 500°% using 15 mg samples of PVC
Rgaln time resolved chromatographic experiments were recorded to study fhe}
primary and secondary detomposntlon stages accord:ng to the flmes of Table 1.

In general the results were the same as reporr°d for ARO C.

" In the primary stage the products were wimost identical in air and nitrogen
atmospheres. At EOOOC the chromatographic traces showed the same struéﬁure of
products as in the 45000 experiment but increased in magnitude, again identical
in the air and mitrogen cases. Between. 450 and 1,00°C the fine structure of the
traces decreases rapidly and only the sromatics remained with benzene being
predominant in all cases. At 30000 benzene was unrrnaily the only preduct.

In the secondary stage. at. temperatures up to 400 C. the amounts of
secondary products were small compared with the primary yields. The chromato-
graphic firaces show similar geneval structure in both the air and mitrogen
exﬁeriment35 but with certain differences in the Jniénsities of the aromatic
structure. At SOOQC in air there was oniy a very small amcunt of secondary
products. There was no evidence to support the formation of oxygeriated materials
in these experiments.-

It is not possible to show all the chromatographic traces which were
recorded but fer comparison purposes Figures 17, 18, 19 snd 20 show the primary
and secondary decomposition stages in nitragen and air at 35000. These Were
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again recorded on amplifier range 10 attenuation 16. These figures clearly
show the simplification .of the products in the lower temperature regions, the
similarity between the primary products in air and nitrogen and the minor
secondary stage differences in the aromatic structure.
Because of the interesting differences between the aromatic products, data
for benzene, toluene, total xylenes and naphthalene are extracted from the chromato=
graphic: traces and shown graphically with temperature for the primary and
secondary decomposition stages in figures 21 to 28. In each case, materials are .
given by weight inpag. Quantitative calibrations were performed on benzene and -
toluene and related to the other hydrocarbons by the relative sensitivity data of
Dietzzg. A relative sensitivity factor was not available for naphthalene and a
value of 1.0 based on the data of other aromatic hydrocarbons was used.
In the primary decomposition stage (figures 21 to 24) toluene, the xylenes
and naphthalene show similar temperature dependence in both air and nitrogen.
A marked increase in production occurs between 400 and 45000. This is distinct
in the xylenes and toluene but less pronounced in naphthalene. Alsc,yields in air
are slightly-greater than in nitrogen for toluens and naphthalene. The xylenes
show equivalent temperature dependence in each atmosphtree. With benzene (Fig.21)
yields in air are slight greater than in nitrogen but there is no evidence for a i
decrease hear ADOOC. It should be noted also that benzene is preseht in quantities
considérably greater than the other aromatics. -
In the“secondary stage (Fig.25 to 28) toluene, the xylenes and naphthalene
again show similar temperature dependence but now the yields in air are less than
in nitfbgen; this difference being distinet in toluene and the xylenes and less
distinet in naphthalene. Benzene formation (Fig,25) shows a distinct increase in
Aair. Benzene is absent in the inert decomposition case up to 45000 but is
distinctly present at 500°C. |
(iv) Temper.ature Dependence of Vinyl Chloride and CAHydrocarbons

Earlier chromatographic studies using Porapak had indicated the formation
of vinyl chloride and possibly other chlorides (Peaks g, 1, m, n and t in
figure 16). A series of experiments were undertaken using the Porapak column to

b

various temperatures in air and nitrogen. Figure 29 shows the prodﬁction:of -

study the formation of vinyl chloride in the primary decomposition stage” at
vinyl chloride (in,dg) during this primary stage in air and nitrogen from

300 to 500°C. The chromatograph was calibrated specifically farydingilshiloride
_‘since the area calibration factor29 was not known. In the wvinyl chloride
prodﬁction there is a marked increase in the formation rate at temperatures above
500°C in air. Vinyl chloride was detected in nitrogen above AOOOC buf only in

very small amounts.

4 Vinyl chloride was not found in the secondary stage in air or nitrogen
-18-




Unfortunately it was not possiblis to monitor the 02 and C, hydrocarbons

during these experiments because of collection difficulties, bit in order to show
the general temperature dependence of hydrocarbons, the formation of total 04
hydrocarbons (insag) with temperature in air snd mitrogen is shown in Fig.30.

The total C‘,+ hyd;ocarbons show a very rapid increase with temperature at AOOOG

in air and nitrogen comparable to the primary production of toluene and the

xylenes. Below AOOOC these C, hydrocarbons are sabsent.

. L
(d) Experiments with a pure PVC Polymer

The experiments cutlined earlier in this report were all performed on a
commercial rigid plastic containing certain additives (see experimental section).
A series of experiments were undertaken on & relatively pure PVC polymer to see
if any striking differences were apparent between the decomposition products of
the pure and commercial materials. o

Figures 31, 32, 33 and 34 =how the chromatcgraphic traces on silicone
grease of the primary and secondary decomposi%ion stages of the pure polymer
(15 mg samples) in nitrogen and air at 45000 recordel again on amplifier range
10 attenuatidn 16. The aromatic and fine structure aggree in detail with the
products from the commercial plastic except that the pure polymer "giben much
more product. PFor comparison with earlier studies peaks are numbered as before.
Again the primary decomposition products are similar in nitrogen and air.
Secondary products in nitrogen show the same correlation with the primary stage
as ip the commercial PVC case. As before, during the oxidative second stage there
is no evidence to support the formation of oxygenated organic materials.

Product studies were extended to the primary and secondary stages at 400°¢
and the primary stages at 50000 in nitrogen and air.

Table 6 Shows the weights of aromalic materials produced in these
experiments. The aromatic- yields in this table show generally equivalent data
to that found for the commercial plastic. For example, in the primary stage the
- yield of benzene is considersbly greater than the cther arcmatics and does nat
depend upon the temperature. Toluene., the xylenes and naphthalene show the
characteristic incresse in the 400° to 45000 region as before. In general the
emounts of secondary stage products are small compared with those for the primary

stage.
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Table 6
Aromatiec Production from pure PVC
in Nitrogen and Air (400~5009C)

' Primaxry ;tage Secondanyvstage"
Material Temg. Nitrogen’ Air Nitrogen Air
(°c {(p8) (ug) (g) (pag)
Benzene 400 340 250 0 3
450 340 220 0.1 1
500 320 300 - Z
Toluene 400 7 8 8 |
450 35 20 5 0,2
500 40 15 - -
Total
Xylene 400 2 3 5 0.5
450 16 25 L 0
500 12 5 - -
Naphthalene 100 3 16 1.5 2
450 10 20 1 0.5
500 25 25 - -

Secondary products at 50006 were not recorded

(e) Phosgene Studies

Although there appeared to be little or no evidence to support the
formation of oxygenated species in this work, because of the high ftoxicity and
poor response of phosgene on the flame detector, a series of specific phosgene
gnaliyses using the thermal conductivity detector were undertaken, Many
difficulties were encountered in the analysis of phosgene and & study of these
difficulties and det$ils of the analytical techniques will be recorded ;n a

separate publicetion’ , but preliminary results of phosgene measurements from
the decomposition of the commercial FVC will be recorded here.

Beceuse of analytical problemg,particularly the partial loss of phosgene
. in the furnace and associated lines, a series of calibration experiments at
various temperatures were performed by injecting fixed guantities of phosgene
into the furnace during a decompesition experiment. By comparimg the phosgene
pegk from the calibration experiment with the peak from a repeat experiment
without added phosgene, an estimatiom of the phosgene yield could be made.

A study was made in this way at temperature intervals of 5000 from
25000 to 500°C using the commercial VL. No ﬁhosgeng was detected during the
decomposition of PVC. The seeding experiment ensured that the minimum amount
of phosgene which could be detected at each temperature was kmown, This
detection level varied between approximately 10 and 1rag of phosgene from the
15.mg of commercial PVC. This work is now being extended to the pure polymer.
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4.  DISCUSSTOW AND TOXIC EVALUATION

() General Discussion of Products

Weight loss experiments and time resolved chromatography clearly demonstrate
that at temperatures above 30000 product formation is essentially éssociated with
dehydrochlorination. By separating the products between the primary and secondary
stages, the chromatographic studies indicate that in the presence of oxygen,
complete oxidation of material can take place in the second stage without the
formation of oxygenated organic species. This is in good agreement with the
experiments of Tsuchiya and Sumi6. Under the conditions studies in this report,
product formation can he explained, depending on the environment, as:-

(i) primary dehydrochlorination and product elimination.
(ii) secondary pyrolysis or oxidation to €O, €0, and H,0

The predominance of products in the primary stage suggests that the polygne
structure formed by dehydrochlorination is inherently unstable or more likely that
re-arrangements take place during the radical zip dehydrochlorination. Initiation
of dehydrochlorination may take place at a chain end and g radical re-arrangemiut
giving benzene could be a feasible mechanism during degradation. If this were
the case then & study of dehydrochlovination and benzene fermation during the
initial stages of dehydrochlorination would be very valuable. Further a relation-
ship between benzene formation and the molecular weight of various PVC polymsrs
would be gpparent and in fact this may explain the difference in the yields of
benzene in this report between the pure and commercisal materials. This type of
mechanism could explain -the temperature independence of benzene between 300 and
600”0 but it is difficult to vwisualise why during the zip process that more -t is. -
cyclisation of the polyene chain does not take place.- Possibly a cross linking
reaction may explain this point. .

In general the amounts of toluene, the xylenes and naphthalene are small
compared with benzene and show different behaviour with temperature. At 100°C
a marked increase in prodvction of these materials tskes place but witheut
altering the benzene formation., Formation appears to correlate with dehydrochlcri-~
nation and these préﬁaéﬁs mey again- be produced during polyene formation. Although
ring closure must take place for the formation of these aromatics,-the.presence
of the side chains suggests that they could be eliminated frofi&-eross linked
structure.

Tha temperature of 100°¢ appears to be critical for hydrocarbon formation
based on the total CiF study. Gas ohromatography and mass spectrometry of the

to C

G
2 5
chain} with unsatursted hydrocarbeons {again straight chain with one nnsaturated

hydrocarbons revealed a predominance of satvrated hydrccarbons (straight

group) in each case. These saturated and unsaturated hydrocerbons have been

5.6.9,23

reported in other work and the production of these hydrocarbons from a
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conjugated polyene chein certainly requires elucidation.

Oxygen plays a curious role during degradation. It assists dehydrochlori-
nation and generelly increases product formation, At AOOGC, the temperature at
which considerable disruption takes place in nitrogen atmospheres, oxygen assists
this disruption and produces certain chlorides of which the moncmer (vinyl chloride)
appears to predominate. These chlorides are only found in the primary decompesis- -
tion stags.

It is not possible to correlate organic halide production with final -
hydrogen chloride levels. TFirstly, the small amount of halide detected would not -
appreciably alter the hydrogen chloride output and secondly, the final titration
-levels, although reproducible, may be misleading. At BOOOC, weight loss curves
show an exact correlation of the experimental weight loss with the theoretical--
loss in both air and nitrogen. Product analysis at this temperature shows benzene
(60ﬁg) and traces of other aromatics which would not be detected in weight loss
measurements., At this temperature final titration. levels in air and nitrogen are
different and although both are in the 95 per cent region there is a difference
of about 4 per eent between the two, the level in air being somewhat-higher than
in nitrogen. The hydrogen chloride reversal in sir and nitrogen at 400°C
(Fig.6) could be asscciated with organic halide formation but this correlation is
speculative, After j5 minutes at-jOOOG, sodium fugien tests on the residue
_showed virtually no remaining chlorine in air or nitrogen atmospheres..

This discrepancy between the final hydrogen chloride yields in air and
nitrogen at 30000 is not understcod. A% 40000 the reversal of these ylelds may

be associated with the production of organic halides but more likely to be

associated with a loss of hydrogen chloride by absorption into the water generated

during oxidative decomposition. Some of this water could condense into the cold

part of the glass collection tube between the hot decomposiftion system and the ;

distilled water trap and extract a proportien of the hydrogen chloride. |
The formation of products during the secondary decomposition stage is also

interesting. In general, slthough the amounts of these products are small

compared with the primery products there are distinct differences between the ‘ S

aromatios in the two stages. For example, in nitrogen atmospheres, toluene, the

Xylenes and naphthalene are present but benzene is absent. In the secondary stage-

decomposition in air, benzene although small in amount is quite distinet.

' The products from the decompositions of the relatively pure PVC emulsion

polymer correlate extremely well in gerneral nature with those from the commercial

material. The additives in the commercial material do not produce striking

differences in the chromatographic pattern. However, in the pure polymer the

products are considerably greater in amount than in the cemmercial case.
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This may be a reflection on the polymer itself, i.e. a molecular weight
difference or an effect from the stabilisers added to the commercial material.
(b) Toxic Evaluation

Although oxygen alters the general products of decomposition the ability
to correlate the overall products with a pyrolytic and oxidative (to Cco, CG2 and
H20) decomposition elearly simplifiies the toxic evaluation of the material.

Klthough there is some doubt about the final titration levels during
dehydrochlorination studies, the values are in the 95 per cent region in all
cases. Because of this, hydrogen chloride provides a useful yardstick for the
comparison of other possible toxiec products. It should be emphasised at this
point that no attempts have been made to monitor carbon monoxide and carbon
dioxide in this work. These are always present when organic material is involved
in fire and the relationship between these gases and hydrogen chloride from fires
involving PVC has been examined in detail at J.F.R.O.E’h.

To date, it has béén generally accepted that oxidative attack on PVC, both
at low temperatures as in the increased dehydrochlérination in ajir and at high
temperatures where oxidation produces inorganic materials could involve oxygenaied
organic intermediates. The‘eliminétioniof these species which in general are
highly toxic is in itself an important aspect of this work.

For a comparison of the toxicity of the products from PVC to that of hydrogen

chloride, a toxicity factor T suggested by Tsuchiya and Sumi7 will be used
given by )
T = E/CF
where CE = concentration of experimental product in p.p.m produced
from 1 g of PVC in a metre cube
CF = concentration of material in p.p.m fa%al in a short period.

In general the products from FPVC increase in amount with temperature. At
50000 in eir PWC is rapidly oxidised to inerganic materials. For aromatic
materials the total yields in a 30-minute period at 500 C will be used for
toxicity evaluation.

Aliphatic hydrocarboens (C to C ) will not be considered due to their inert
toxic nature. Phosgene was not deteoted in any experiment betweem 250 C and
50000 and since the detection 1limit of this material varied with temperature a
theoretical toxicity factor will be calculated for the least sensitive .
detection level of .01 mg: (see section 3(e)). The toxicity factor for vinyl
chloride is estimated assuming the most serious conditions for production, in
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this case at 500°C in air, Hydrogen chloride values are given based on 100
per cent of theoretical dehydrochlerination.

Table 7 shows the calculated toxicity factors for these materials from the
commercial PVC, Values of Cg in p.p.m. are calculated from the yield of each
product from one gramme of PVC in a metre cube. For each material a M.A.C.
(maximum atmospheric concentration) and a concentration immediately hazardous

Table

Toxicity Factors’of the Main Products from
a Commercial Sample of FVC

ny ' T
' }Yield periYield per CE M.A.C i CF g T
15 mg gram P ; Toxiecity
(mg)- (ng) | (p.p.m.) |(p.p.m.) | (p.p.m.) |  Factor
Hydrogen ‘ g -1
chloride | 7.6 505 338 5 1 1,500 -} 2.25 x 10
Benzene | 0.060° 5.0 1.25 |25 20,000 | 5.0 x 1072
Toluene | 0.092 0.80 6.213  [200 10,000 2.1 %1072
1 Xylene .| 0.011 0.73 0.195 {200 (10,000) | 1.9 x 1072
Naphthalee| 0.0035 0.23 o.onn |10 (200) 2.2 x 107
Phosgene* | 0,04 0.66 0.163% 0.1 50 - "3.26 % 10_3
Vinyt - ot - TR R .
chloride | 0,003 0.20 0.0782 |500 120,000 | 6.5 x 10

*Peteoction level _
to life are extracted from the Toxicity Guides issued by the American Industrial
30

Hygiene Association” ., For xXylene and naphthalene CF values were:hét feadily
available from the literature. For xylene, a value of 10,000 p.p.m. was used
based on the similarity between toluene and xylene toxicology. The CF value

for naphthalene was based on & conservative estimate by R&sbash51'that CF is
approximately twenty times the M.A.C.

In each case the toxiocity factor of the products is small compared with
the hydrecgen chloride factor. Msking the reasonable assumpticn that at these
levels synergistic effects, if any, are small then the main toxic material is
hydrogen chloride. However, in experiments with pure PVC somewhat greater
yields of aromatic materials were evolved. Toxicity data for these aromatic
materials are shown in Table 8: Once again, toxicity factorstre very small
compared with hydrogen chloride. Hydrogen chloride is an irritating acid gas.
At 1500 p.p.m, the G

F
to life within a short period, However, because of its acrid nature relatively

value used in Tables 7 and 8, it is directly hazardous

low concentrations of the gas can be difficult to breathe and present an indirect
hazard to personnel trapped in a fire. An atmosphere containing as low as 100
p.p.m. of hydrogen chloride can be intolesrable to breathe. As a result a
realistic toxicity factor of hydrogen chloride is probably much greater than

the values shown in Tables 7 and 8, and hence the contribution of the other

components to the overall toxieity much less than indiocated.
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Dable 8
Toxicity Factors for Hydroegen Chloride
and Aromatics from Pure PV(

Yield per |' Yield per CE ' G .

15 ng gram. ' T | Toxteity ..

{ma; (mg) (p.p.m.) A (p.p.m.) . Factor
Hydrogen w
Chloride 8.75 582 390 1,500 2.6 x 10
Benzene 0.32 22 6.9 20,000 | 3.5 x107%
Toluene 0.0k 2.65 0.70 10,000 7.0 x 107
Xylene 0.012 0.80 0.22 10,000 2.1 x 1077
Naphthalene | 0.025 1.65 0.515. | 200 . |.1.57 %107

5. CONCLUSIONS

1. At temperatures between 300 and 50000 the dehydrochlorination of PVC is a
rapid and almost quantitative process in air and nitrogen.

2. In general, minor products (aromatic and aliphatie h&drécarbons) are
generated mainly during the dehydrochlorination, or primary decomposition stage.
3. The_formaticn of minor products excluding bengene is temperature dependent
and a marked increase in production takes place at_about 42500.

AA.;‘ Benzene shows little temperature dependence between 300 and 500°C,

5. At temperatures up to ASOOC, the minor products_are virtually identical
during both the primary and secondary decomposition stages in air and nitrogen;
the secondary stage referring to the decomposition pericd following completé
dehydrochlorination.

6. At 450°C in air a rapid oxidation to CO, €O, and H,0 takes place in

the secondary decomposition stage. Primary products in air and nitrogen at
45000 are very similar,

7. No exJygenated species other than c0, €O, and H20 have been detected in

2
this work.

8. Neglecting synergistiec effects, the minor products make little or no
contribution to the overall toxicity of the decompositien products based upen
the toxicity from hydrogen chloride. '

9. The main toxic hazards in the decomposition products are hydrogen

chloride and carbon monoxide,
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8. APPENDIX

Mass spectra were recorded on an A,E.IT M3 10c?2 mass spectrometer
modified with an improved leak unit for the analysis of small amounts of qé?eriglz
Spectra are shown recorded either on the fast or slow leak depending upon the
amount of material for analysis. On the fast leak where some loss of material

7

occurs during the scan the spectra are corrected as outlined recently2 . BSpectra
were interpreted by mass speotrometric data compiled by Cornu amd Massot31.- The
spectra recorded in the subsequent pages show the main peaks of each spectrum.
Some background, due to column bleed has been omitted to simplify the
representation of the spectra. Speotra are numbered according to the peak number,
column type, leak (fast or slow) and amplifier range (e.g. range 25). Peaks at
18* s 17+ and i6+ and at hhf are due to water and carbon dioxide respectively
feozen from the atmosphere into the collecting tube whenithe tubes are fitted to
the mass spectrometer. These peaks are of course more pronounced on the fast
leak. Nitrogen (28") was very difficult to remove completely. Oxygen (327)
does not appear aue to absorption on the walls insidé the mass spectrometer.
Spectra are recorded with the base peak as 100 per cent. In ethene and ethane
where the base peak is 28" and mgsked by the nitrogen peak the' spectra are shown
by correlating the second most iﬁtense peak with the value given by the
reference spectrum (i.e. Z?f at 63.4 per cent for ethene and 27+ at 33.3 pay_cept
for ethane). )

0f the aromatic. materials, benzene, toluene and naphthalene were identified
readily. With xylene only one spectrum:is shown since peaks 46, 47 and /9 on the
silicone grease column gave virtually identical mass épectra. Ortho, meta and
para nature’ were derived by chromatography. '

Ethene, ethane, propene and propane gave easily recognisable patterns.
The fine structure of the Ch and 05 materials were difficuly to interprete from
reference spectra alone. With butane the spectral data indicated n-butane rather
than 2.meth§l propana. With butene because of the similarity between the 39+
anﬂ'56+ iﬁfensities it was not possible to identifly the fine structure. In a
similar mdnner, the pentane spéctrum indicated n-pentane but the fine structure
of pentene was not clear. ‘

In the following pages typical reference spectrd: hre recorded (Tables 9,
10, and 11) followed by the experimental iine spectra of materials collected "
frem the chromatograph.

Mzss spectra were recorded at 70 e,V, using a trap current of 50 poa,
The batch iﬁlef system was operated at 9500,anﬁ&thaniénhéﬁ&iont&ﬁbaahtﬁﬁpc. For

naphthalene the ionisation tube temperature was increased to 8500.

* Now General Electric Company - Associated Electricall Industries Limited.
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Table §
Reference mass spectra for benzene
toluene, xylene and naphthalene

(h

. m/e % m/é 0
Benzene 78 100 Toluene 9 100
52 19.4 92 75.6
51 18.6 39 18.7
50 15.7 65 13.1
17 1hobs 51 9.6
79 6.14- 90 8-"0
76 6.0 50 6.0
4 o6 93 5.2
O0-Xylene 91 100 Naphthalene 128 100
1 06 59.8 51 12.5
105 24,1 ‘ 129 1.0
39 16.2 64 10.6
51 15.3 127 9.9
77 13.2 63 7.5
27 9,6 102 7.1
65 7.9 50 6.4
78 7.8 126 6.2
92 7.5 75 5.0
- Table 10
Reference mass spectra for ethene,
ethane, propene and propane
e q ‘ m/e %
Ethene 28 100 Bthane: 28 100
27 63,4 27 33.3
26 62.7 30 26.2
25 12.2 26 23.0
1.]4 6.9 29 21.7
43 3.7 15 k.6
27 3.3 ) 25 L.2
12 2.1 14 3.4
29 1.9 1 2.6
15 0,6
Propene : Propane
L 100 29 100
42 69.2 28 61.%
39 60,9 L4y 40,2
27 247 43 33.6
L0 257 27 31.6
38 4.4 39 16.5
37 2.0 1 14.9
26 5.8 L2 6.1
L3 2.4 26 5.3
19 1.4 38 b3
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Table 11
Reference mass spectra for 1-butene,.
n=butane, 1-pentene and n-pentane

n/e % m/e %
1 :Butene L1 400 n=butane L3 100
56 L6,6 29 33,7
39 29.8 11 26,3
) 28 . 22,6 28 24 .6
55 . 21 .6 27 22,5
27 19.5 58 16.7
29 10.7 L2 13,0
- 53 5.9 39 9,1
- L0 a7 L 3.5
26 5.k 26 2.6
1.~Een4cé}3e L2 100 n-pentane L3 - 100
- ' 55 60,1 ‘ L2 57.9
X Lho3 W 10,2
» 34.6 27 34,6
27 320'-1 29 2}+o}+
70 30, 39 1he2
29 27.1 57 12,6
LO 8.6 72 8.8
15 5.8 28 6.0
26 56 15 ho7
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