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SUMMARY

The thermal decomposition of a polyester and a polyether flexible foam in
a nitrogen atmosphere has been studied by gas chromatography, mass spectrometry
and elemental wultramicroanalysis. It is shown that the decomposition behaviours
of the two foams are similar. At low temperatures (200 to 300°C) there is a
rapid and complete loss of the telylene diisocyanate unit of each foam as a
volatile smoke leaving a polyol residue. This smoke, which has been isolated as
a yellow so0lid:(common to both foams) is shown to contain all the nitrogen of
the original foams. Under the conditions of this report the smoke is stable
at temperatures up to 750°C. The nitrogen-containing products of low molecular
weight (mainly hydrogen cyanide, acetonitrile, acrylonitrile, pyridine and
benzonitrile) observed during the high temperature decompositions of the foams
are shown to be derived from the decomposition of the yellow smokes. At 800°¢,
the 5 products listed above are present. At 90000, hydrogen cyanide and
benzonitrile are predominant and at 1000°C, hydrogen cyanide is virtually the
only product. At TOOOOC, approximately 70 per cent of. the available nitrogen
of the foams has been recovered as hydrogen cyanide.

KEY WORDS: gas chromatography, mass spectrometer, pelyurethane foam,
pyrolysis, toxic gas.
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THE FORMATION OF NITROGEN-CONTAINING PRODUCTS FROM THE THERMAL DECOMPOSITION
OF FLEXIBLE POLYURETHANE FOAMS

by
W. D, Woolley, Ann I, Wadley and P. Field

1.  INTRODUCTION
a) General introduction

Polyurethane foams are becoming an important nitrogen-containing material
present in buildings. The foams are mainly used in flexible form within the
furnishings but some rigid foams are now used within the building structures.

When involved in fires there is concern that polyurethane foams may
release toxie pyrolysis products containing nitrogen such as hydrogen cyanide,
organic cyanides ond amnonia, Nitrogenous products of this kind can be expected
to be present in unburnt fire gases and could, in principle, seriously contribute
to the toxicity of the fire gases.

Published studies of the thermal decomposition of polyurethane foams have
hitherto been restricted to selected productsi, such as hydrogen cyanide.

These studies have accounted for only a small fraction of the theoretically
available nitrogen and yield little or no information on the main routes
for the formation of nitrogencus products.

A preliminary study2 of the decomposition of flexible and rigid polyurethane
foams has shown that with the flexible foams, and contrary to the behaviour of
the rigid foams, aioost all of the available nitrogen can appear in the products
of decomposition {15-minute periods) at temperatures as low as 300°C. For this
reason the present study deals with two common flexible foams namely a polyester
and a polyether {ype.

As far as possible all the nitrogenous products formed under specific
conditions are identified and the way in which the proportions of these products
vary with decomposition temperature is determined. It is shown that the initial
and major decomposition product is a volatile yellow solid, appearing as a
smoke, and that this smoke is the precursor of all the simpler nitrogenous
products.

The study has been effected principally with the aid of coupled gas
chromatograph — mass spectrometry for the separation and identification of the

decomposition products., In this work comparisons have been made between the




chromatograms of the decomposition products of the foams and parent polyols
in order to isoiaté'pfaducts whichxaie derived from the nitrogen part (i.e.
the tolylene diisocyanate) of the foams.
Details are recorded of various techniques developed for the collection
of the smoke for volatity tests and studies by elemental ultramicroanalysis,
A brief outline of the chemistry of polyurethane foams is presented
gince knawledge of this kind is éf,help*fo:.understanding the general principles
of the decomposition processes. o
b) Chemistry of polyurethane foams
The detailed chemistry of both rigid and flexible poiyurethane feams can be

found in a number of excellent textsS"6

and only the general details will be
recorded here with an emphasis on flexible foams. '

The fundamental reaction in polyurethane chemistry is the interaction
between an isocyanate (R.NCO) and alcohol(RiloH) as in reaction (1)3 other
important '

R.NCO + R'wOH —3 R.NH.CO.OR' +evnre.. ..reaction (1)
reactions occur between isocyanate units and groups such as COOH and NH2o The
general name 0f 'polyurethane' refers to a series of polymers where the urethane
type of link (i.e. as in R.NH.CO.OR1) is repeated. For example if a diisocyanate
R(NCO)2 is linked %o a dihydric aleohol R1(0H)2, a linear polyurethane can be
prepared with the general type of formula:

- 0.R' .0.CO. NH. R. NH. CO -
The cellular structure of the foam is generated in a number of ways normally
by the addition of water which reacts with the isocyanate giving carbon dioxide

as the blowing agent by reaction (2), with the

R.NCO + H,0 — R.NH, + CO, «eeeennnnn reaction (2)
amine further reacting with additional isocyanate.

In present day foams twodiisoeyanates are commonly used, namely tolylene
diisocyanate (known as T.D.I. and used predominantly in flexible foams) and
diphenylmethane diisocyanate {known as M.D.I. and used mainly in rigid foams),
The chemical structures of the two materials are given below:

(1) Tolylene diisocyanate (2:4 and 2:6 isomers)

ChHy Cvz
NCo coCcn = NCO
‘ -
NCo
2:4 isomer 2:6 isomer



(ii) Diphenyl methane 4,4' diisocyanate

It should be noted that both isocyanates are toxic. The T.,L.V.7 of the 2:4
isomer of T.D.I. is quoted as 0.02 p.p.m; it is irritating to the nose and throat
at 0.5 p.p.m.

The alcohols commonly used with T.D.I. and M.D.I. in the manufacture of
foams are not simple aleohols but are themselves polymers. These polymers,
often termed parent polycls or simply polyols, are based on either polyester
or polyether units (i.e. with repetitive eéter or ether links throughout the
polymer chain)., The rigid or flexible structure of the foams is determined
by a number of features but mainly by the degree of cross linking of the
polyols,

With flexible foams, typical polyester polyols are prepared from adipic
acid (HOOC(CHZ) 4 COOH) and diethylene glycol to give hydroxyl terminated
polyesters. Typical polyether polyols are prepared from the polymerization of
propylene oxide and glycercl. Foams, based on similar compositions to the
typical polyols given above, have been used in the decomposition experiments
of this report.

There are two main processes used in the manufacture of flexible foams,
firstly a prepolymer and secondly a one-shot process. In the prepolymer method
the polyocl is reacted wiéh an exceas of diisocyanate to give an isocyanate
terminated prepolymer. The prepolymer has a useful shelf 1life and is feoamed
by the addition of water., Semi~polymers are soﬁetimes used where the diisocyanate
is reacted with a portion of the polyol giviﬁg a low molecular weight polymer
dissolved in an excess of diisocyanate,. Foaming is achieved by adding the
remainder of the polyol and water.

In the one-shot process the reactants (ineludingAwater) are reacted

simultaneously to produce the foam,

2. EXPERIMENTAL
a) The main decomposition system,

The decomposition system used in this report is essentialiy the same as
outlined in a number of recent reports involving the thermal decomposition of
PV08 and phenol-formaldehyde resinsg. For convenience the main details of the
system are shown diagrammatically in-Fig 1 and described briefly below.

Weighed samples of the material under study are placed into a small ceramic
boat which is introduced into the furnace (temperature stability X 1°C at 500%)

-3 -



by the influence of an external magnet on the steel plug P. During the
decomposition a flow of dry nitrogen (B.0.C.. white spot grade) is maintained
through the silica furnace tube at 100 ml/min to carry the volatile decomposition
products along the heated outlet tube and into & heated stainless steel gas
sampling valve coupled in the usual way to a research gas chromatOgraph During

a collection period (15 mln) the nltrogen from the furnace 15 direeted through

the collecting loop (stainless steel tuhlng, 3,2 mm 0.d. .) and condensable materials
are trapped from the gas stiream by surrounding the locp with a refrigerant

(1iquid nitrogen at --19600)° During this collection period an internal bypass

in the valve maintains the supply of helium to the chromatograph.

After collection, the products are transferred to the chromatograph by
turning the valve to the inject position, removing the refrigerant and heating
the collecting loop quickly to 200?0 by direct electrical heating supplied with
a variable 10 volt-50 amp transformer.

The stainless steel valve and flow lines coupling the valve to the furnace
tube and chromatograph respectively are controlled at approximately 15000 in
order to avoid problems from the absorption and condensation of analysable
products priocr to chromatography.

b) .FPurnace systems for smoke collection and volatility tests.

The thermal decomposition of the foams was accompanied by the formation
of smokes which condensed as yellow solids on the cooler walls of the furnace
tube and also tended to block the valve and heated lines (150°C) of the main
decomposition system. '

Separate furnace systems were devised for studies of the smcke (later
termed yellow smokes) firstly to collect small quantities of smoke for wvelatility
tests and_secondly to collect substantial quantities for further experimental
studies. The two furnace systems are outlined below.

The furnace system for the smoke collection and volatility tests is shown
diagrammatically in Fig 2 and consists of a sliding tube furnace fitted around a
borosilicate furnace tube (10 mm o.d.). A weighed piece of glass wool (4) is
inserted into the furnace tube as shown for smoke collection., In Figo2(a), a
weighed sample of polyurethane foam (100 mg) is decomposed in a ceramic boat
in a stream of oxygen-free nitrogen at 50 ml/min. The smoke is colle cted in
the plug A which can be removed for weighing (the furnace slightly overlaps
plug A in order to prevent any condensation of smokes on the side of the furnace
tube prior to reaching the plug. After the decomposition period, the ceramic
boat and residual polyurethane are removed and the furnace cooled and moved
to the position shown in Fig.2(b). The volatility of the smoke can be tested
by monitoring the amount of smoke which is lost from Plug A.at various furnace

temperatures. -4 -
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A number of different furnace and collection systems were examined for
collecting substantial quantities of yellow smokes for analytical studies,
The final method adopted is shown in Fig.3. It onsists of a 380-mm tube furnace
(controlled at 500°C) fitted with a glass furnace tube (18 mm o.d.) as shown.
Samples of polyurethane foam (100 to 500 mg) are introduced into the furnace in
a ceramic bhoat by the influence of a magnet on the steel plug. A flow of nitrogen
(B.0.C. white spot grade) at 100 ml/min carried the yellow smokes to a short
length of glass tubing (6 mm o.d.) fitted into the exit end of the furnace tube
with a rubber bung as shown. After a number of repetitive decompositions
(10 to 15 minute periods each) the glass collection tube is removed md the yellow
needle like crystals on the tip of the tube are removed with a spatula.
) Chromatography

A Hewlett Packard 5750 Research Chromatograph fitted with simultaneous
dual flame ionization and thermal conductivity detectors was used. The products
were separated using Porapak Q columns {2 m x 3.2 mm in stainless steel)
temperature programmed from BOOC to 26500 at 4OC/min with a helium flow rate of
40 ml/min.

For quantitative analysis of the decomposition products, peak areas were

determined using a Hewlett Packard 3370 A automatic electronie integrator with

. printout facilities.

d) Mass spectrometry

For the identification of materials separated by the gas chromatograph,
mass spectra were obtained using a fast scanning version (termed 'Rapide’) of
the organic A.E.I. MS 20 coupled directly to the chromatograph.  Essentially
the insirument is a magnetic scanning unit with a resolution of 1 in 475 at
10 per cent valley, Additional details and a general evaluation of the coupled
GC-MS system have been recorded in an earlier publicat10n10. A1l spectra were
recorded at 70 eV and were interpreted using the spectral data compiled by
Cornu and Massot11.
e) Elemental analysis studies

A1l elemental analyses were undertaken using a commercial elemental
ultramicroanalyser using samples weighing approximately 500 a8 Details of the
application of elemental analysis to studies of the thermal decomposition of
polyurethane foams has been presentedz. The quoted accuracy of the analyser is
% £ 0,25 per cent, % ¥ 0,10 per cent and N X 0.30 per cent. Oxygen is

obtained by difference from 100 per cent,



f) Materials

Samples of polyester and polyether foams (flexible) together with samples
of the respective parent polyols were obtained commercially. Both foams were
prepared from tolylene diisocyanate. The polyester foam is based on a lightly
branched polyester of adipic acid and diethylene glycol and the polyether foam
prepared from a polyether (mean molecular weight of 3500) 'produced from glycerol,
propylene oxide and ethylene oxide. A very émall addition of green pigment-is
present with the polyether foam.

The samples of organic nitriles and pyridine used in calibration and direct
seeding experiments were obtained commercially. Hydrogen cyanide was prepared
by the action of dilute sulphuric acid on an excess of potassium cyanide.

3. RESULTS
a) Weight-loss and elemental analysis studies. .

Table {1 shows the experiﬁental elemental analyses of the polyester amd
polyether foams (from an earlier report)2 and the respective parent polyols.
Each recorded value represents a mean experimental figure. Also shown in Table 1
are the percentages of tolylene diisocyanate (T.D.I.) and polyecl in each foam,
calculated from the experimental compositions of each foam and the theoretical

composition of T.D.I. (62.1 per cent C, 3.45 per cent H, 16.1 per ceai N).

TABLE 1.. Elemental analyses (C, H and N)ﬁ of polyurethane
foams and parent polyols and the calculated
compositions of the foams

Polyurethane Polyol Foam compositioﬂ*

o | me| w| ot | m |nt|T.D.1(%) | Polyol (%)

Polyester 5902 609 4—03 540() ’?’?’-4 O 2‘607 7303
Polyether | 61.3 | 9.0 | 4.1 | 60.3 [10.1 | © 25.4 74.6
* - g

by weight oxygen by difference from 100%

When decomposed for 15-minute periods‘in an inert atmosphere at low
temperatures, it has been shown2 (by elemental analyses of the residues) that
the two féams rreferentially release the nitrogen contents, Fig.4 shows the
weight-losses and the nitrogen-losses (as percentages of the theoretical
losses) at temperatures between 200 and 30000 re-recorded from the earlier
report. ﬁrom this figure it is clear that the decompositicn behaviours of the
‘two foams are similar and at 50000 there is a virtually complete loss of nitrogen
with a weight-loss of only aboﬁt 35 per cent in each case.

-6 =
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b) Preliminary Chromatographic experiments

Because of the virtually quantitative loss of nitrogen during the thermal
decompositions of the two foams at 30000, chromatographic analyses of the
decomposition products were first undertaken at this temperature. In these
experiments 10-mg samples of each foam were decomposed in turn in the furnace
at BOOOC for 15-minute periods in a:figq‘of oxyéen-free nitrogen at 100 ml/min?
The products were collected using liQQid nifrOgen (-196°C) as the refrigerantl
and injected into the chromagraph as outlined in the experimental section,

Comparitive chromatograms were then obtained by decomposing the parent
polyol of each foam under identical cénditions as used for the foams. The
weight of each polyol was chosen to represent the weight pesent in the 10 mg
of each foam as recorded (by per cent composition) in Table 1. For 10 mg of each
foam, this represents 7.3 mg of polyester polyol and 7.5 mg of polyether polyol.
These comparative tests involving the polyols were undertaken in order to provide
reference chromatograms such that by éuperimposing the fespeptive chromatograms
of the foam and respective polyol, the chromatographic peaks associated with the
T.D.I. (i.e. the nitrogen-containing part of the foam) would be distinct.

Fi%.5 shows the chromatograms of the decomposition products of the polyester
foam (10 mg) and polyol (7.3 mg) recorded by the flame ionization detector
(F.I.D.) at an attenuation of 102 x 8, The equivalent data for the polyether
foam (10 mg) and polyol (7.5 mg) are given in Fig.6.

From previous experienge of the sensitivity of the chromatograph it is clear
that the total quantities of products detected by chromatography at BOOOC from
both the polyester and polyether foams are very small*e Further, although some
fine detail may be lost during the duplication processes, there are distinct
aimilarities between the chromatograms of each foam and the respective polyol.

In the polyester case (Fig.5), although there are differences between the
intensities of the peaks from the foam and polyol, it is evident-that these

peaks in the chromatogram of the foam are derived from the polyol content. With
the polyether (Fig.6) there is a larger number of products than in the polyester
case but once again all products appear to be derived from the polyol. Also, the
polyether polyol appears to be more thermally stable when present in the foam
than alone.

E 3 .
The F.I.D. chromatograms indicate quantities of the order of a few microgrammes.,

-7 -



From earlier experiments, it has been established that both foams show
a weight loss of approxzimately 35 per cent (i.e. approximately 3.5 mg for
1C mg of foam) during decompoaition at 30000. From the chromatographic
experiments outlined above it is clear that the main products are not amenable
to analysis in this way being either unstable under the o nditions of analysis
or, more likely, of too large a molecular weight for analysis by Porapak Q.
Further, the small quantities of products detected at BOOOC are derived from the
polyol content of each foam. There is né evidence of products which can be
attributed to the decomposition of the T.D.I. part of the foams,

In addition to the experiments at BOOOC, product analyses by chrematography
were alsc undertaken at 400 and 600°¢. Fig 7 and 8 show the chromatograms of the
decomposition products of the polyester foam (10 mg) with polyol (7.3 mg) and the
polyether foam (10 mg) with polyol (7.5 mg) respectively at 400°C. The equivalent
data for GOOOC is shown in Pig.9 and 10. All chromatograms were recorded with
flame ionization detection using the same attenuation (102 x 8) as used in the
experiments at 30000.

From Fig 7 to 10-inclusive it is clear that both foams produce a complex
range of decomposition products; as expected the number and intensities of the
products increase with increasing temperatures. Further, the chromatograms of
the two foams (i.e. polyester and polyether) are quite different and this
phenomena is very useful in ‘'finger printing' unknown types of foam. However,
the most important features of Fig.5 to 8 inclusive are the similarities between
the decomposition products of each foam and respective pelycl. There is no
evidence in the chromatograms of the foams of material generated in any way other
than by the decomposition of the polyol. It therefore seems likely that the
material 'lost' at SOOOC with a weight loss of approximately 35 per cent for each
Toam is the tolylene diisocyanate* (P.D.I.) unit. This T.D.I, unit is common
to both foams (26.7 and 25.5 per cent by weight for the polyester and polyether
foams respectively as given in Table 1) and loss of this unit could explain the
similarities between the weight-losses of the two foams between 200 and 30000
and the rapid loss of nitrogen at these temperatures. The additional weight-
losses at 30000 between the observed values (39 and 34 per cent for the pelyester
aLd polyether foams respectively) and the weight-losses due to T.D.I. may be

but not necessarily as free T.D.I.



associated with the loss of relativeiy low molecular weight polyol, carbon
dioxide or water from the polycl in the foam. -
c) Preliminary smoke 1nvest1gat10ns

During the decomp051t10n experiments recorded earlier in thls report
it was evident that the decomposition of each foam was accompanied by the ‘
formation of a smoke which condensed in various parts of the decomposition
apparatus as a yeliow sclid. An experimental furnace system for collecting
small quantities of the smoke for volatility tests haé beénIOﬁtlined in the
experimental section (see section 2(b) and Fig.2).

The results obtained from the smoke generated from the decomposition of
100 mg of polyester and polyether foams at'BOOOC and the volatilities of the
smokes are recorded in Table 2. Volatility tests were undertaken at 100, 200
and 300°C. o

Table 2. Smoke collection and volatility tests

a) Smoke collection {300°C) ,
Polyester Polyether
Initial weight of foam - mg 100 100
Weight-loss 15 minutes) - mg 38.2 33.1
Weight-gain of plug A - mg 27.6 26.8
b) Volatility tests (100 - 300°C)
Total weight-loss of plug A (15 minutes)-mg.
Temperature - '
°c Polyester |' Polyether |
100 2.3 2.8
200 . 7.9 8.3
300 25.4 22.0

In Table 2 it is clear that the main material 'lost' at SOOOC in each
case is recovered in the glass wool plug. The loss in weight of each foam
is in agreement with the weight loss experiments of an earlier report; also,
the weights recovered on the plug A are of a similar magnitude to the
experimental weight percentages of T.D.I. in the foams. The smoke volatility
tests confirm that the smokes can be revolatilised but do not clarify their
chemical composition (i.e. whether they are built up of one or many chemical
species)., It is however, quite evident from the experiments that the smokes

are not free T7.D.I.
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Using the smoke collectlon system of Fig 2(a), a number of repetitive
decompositions (100 mg each) were undertaken at 300 C using firstly the
polyester and secondly the polyether foam in order to collect sufficient
quantities for elemental ultramicroanalysis.” In these decomposition experiments
each foam produced a similar yeliow sdlid wﬂich formed needle-like crystals on
the glass wool. The crystals were 1nsolub1e‘1n acetone, benzene, pentane,
carbon tetrachloride, trlchloreth;ne: e%hanol and Water, but gufficient
gquantities for elemental- ultramlcroanaly51s were removed from the glass wool -

with a pair of tweezers, The elemental analyses are recorded in Table 3.

Table 3 Elemental analyses (C, H and'N)d of the yellow smokes from -
the polyester and polyether foams by glass - -
wool collection

Origin of yellow smoke Elemental Analysis
C% | HA | Np

Polyester foam © 63.5(5.9|17.3

Polyether foam 64.2| 5.6 j17.0

$ oxygen by difference from 100%
From Table 3 it is evident that both foams produce similar yellow smokes with

elemental compositions not unlike that of T.D.I. {(62.1% C, 3.45% H, 16.1% N). !
From the experiments to date it is concluded that the decomposition of both
foams proceeds via the quantitative loss of the T.D.I. unit. Volatilify tests
confirn that the material is not free T.D.I.; it may be a polymer of T.D.I.
or a polymer ¢f a material structurally similar to T,D.I.
d) Collection of yellow smokes

A number of different furnace and collection Systems were examined for
collecting substantial quantities of yéllow smokes for analytical studies and
the final method adopted has been outlined in the experimental section
(see section 2(b) and Fig 3). In this wéy approximately 200 mg of yellow smoke ‘
from each foam was prepared: this process taking approximately 1 day per 100 mg.

In some experiments where the needle crystals were very small the smoke tended

to be white rather than yellow.,

Table 4 shows the elemental analyses of two samples of yellow smoke from
-firstly the polyester and secondly the polyether foam cut at different places
from blocks of each foam, These elemental compositions are in good agreement
with the values recorded by glass wool collection (Table 3).

- 10 -



Table 4 Elemental analyses (C, H and N)ﬁ of yellow smokes
from the polyester and polyether .
foams by direct collection

Yellow smoke Sample Elemental analysis
| o | m| n% 4
Polyester -1 64.2] 6.017.5
2 64.3( 5.9} 17.5
Polyether - 1 64.3] 5.7 1 171
2 64.2 5.7 117.0

g oxygen by difference from 100% '
The nitrogen contents of the two yello% smokes are both slightly larger than
that of T.D.I. (16.1%). This difference in each case may be due to .an initial
loss of T.D.I. as a polymer c}uring the decomposit'iono of each foam at 30000 ard
a subsequent loss of water and/or carbon dioxide (which would not be detected
in the chromatographic experiments with flaﬁe ionization detection in section
3(b)) to give yellow smokes richer in nitrogen than T.D.I. Alternatively the
yellow smokes (with the experimental composition of Table 4) may be released
directly from the foam. Assuming conservation of nitrogen during the formation
of the yellow smokes, the contents of yellow smoke {calculated from Tables 1
and 4, and rounded to the nearest 0.1 mg) are 2.5 and 2.4 mg in 10 mg of
polyester and polyether foam respectively. These quantities will be used
throughout this report as representing the amounts of yellow smoke available
from the 10 mg of each foan.
e) G.C - MS Analysis of the deccomposition products of the yellow smoke.
For chromagraphic analysis of the decomposition products of the yellow

smoke, samples representing the amounts which would be generated fram 10 mg
of each foam (i.e. 2.5 and 2,4 mg of yellow smoke for the polyester and polyether
foams respectively - see section 3(d)) were pyrolysed in the decomposition furnace
and the products (collected at —19600) introduced into the chromatogr aph as
outlined in the experimental section. 1In this work no products were d etected
during a complete temperature programmed chromatographic analysis-at

decomposition temperatures up to 75000 for either the polyester or polyether
yellow smoke. A%t temperatures between 800 and 100000 (maximum temperatured used)
both yellow smokes produced distinect but similar chromatograms. Fig.11 and 12
show the chromatograms (flame ionization and thermal conductivity detection)
of the decomposition products of the polyester and polyether yellow smoke
respectively at 850°C. From these figures it is evident that both yellow
smokes (i.e. from the polyester and polyéther foams) are chemically similax,
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The peaks in each chromatogram have been labelled alphabetically for identifi-
cation purposes,

Using coupled gas chromatography-mass spectrometry, mass spectra were
obtained of all chromatographic peaks detected during the decompositi on of the
polyester yellow smoke at 85000* (i.e. as shown by the chromatograms of Fig.11).

Spectra were interpreted by the data of Cornu and Massot11 as shown in Table b;
the interpretations of all significant peaks were o nfirmed by direct seeding

experiments as indicated.

*
GC-MS studies were undertaken at 85000 aince this temperature provided
the most suitable intensities of all components, separated by gas

chromatography, for mass spectrometry.
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Table 5 Analyses of the decomposition products of
the polyester yellow smoke at 850°C by

magss gpectrometry and
direct seeding exzperiments

Peak

nomenclature

Mass spectrometric interpretation

Direct seeding confirmatioﬂ

BHKORPIR A o0 oP

4 £ ¢ B0y o B

MW o=

HEOoWeE Ny

]

Nitrogen®

Carbon diocxide
Bthylene

Ethane

Water®*

‘'t Propane

Hydrogen cyanide

Not identified®
Butyne or butadiene
Acetonitrile
Acrylonitrile
Propionitrile

Methyl Acrylonitrile
Vinyl Acetonitrile
Benzene

Methyl acrylonitrile
Vinyl acetonitrile
Not identified”
Pyrrole

Pyridine

Toluene ﬁ
Methyl pyridine’
Methyl pyridine¢”
Cyclooctatetrene or
Styrene

Vinyl pyridine
Benzonitrile or
benzamide

Not identified®
Indene

Methyl cyanobenzenex
Methyl cyanobenzene®
Not identified®

Not identified®
Naphthalene
Quinoline or
Iso-quinoline

Not identified

or

or

Ethylene
Ethane
Water

Hydrogen cyanide

Acetonitrile
Acrylonitrile
Propionitrile
Benzene
Pyridine
Toluene

* M A kM

*

furnace carrier gas

not identified - mass spectrum very small
other possibility — aniline
other possibilities - phenyl acetonitrile or indole

- 13 =
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Mass spectra were then obtained of the main components during the
decomposition of the polyether yellow smoke at 85000; mass spectral

interpretations were again confirmed by direct seeding experiments as shown

in Table 6.

Table 6. Identifications of the main decomposition
products of the polyether yellow amoke
at 850°C by mass spectrometry and
direct seeding experiments

Peak Mass spectrometric Direct seeding
nomenclature interpretation confirmation
Q
c ethylene ethylene
d ethane ethane
e water water
g hydrogen cyanide hydrogen cyanide
3 acetonitrile acetonitrile
k acrylonitrile acrylonitrile
n bengzene benzene
r pyridine pyridine
a toluene toluene
X benzonitrile benzonitrile
or
benzamide

£) High temperature decomposition experiments with the fcams and pérent polyols.
Because of the observed decomposition products of the yellow smokes at
high temperatures, studies of the decomposition products of the foams and
respective polyols were undertaken at 85000, These experiments were carried
out in a similar manner to those of Section 3(b), namely using 10 mg of foam
and 7.3 or 7.5 mg of polyester or polyether polyel.respectively. The products
were monitored using simultaneous flame ionization and thermal conductivity
detection. The chromatograms (F.I.D.only) obtained at 850°C for the polyester
foam with polyol and the polyether foam with polyol are recorded in Fig 13
and 14 respectively.
The chromatograms of the two parent polyols in Fig 13 and 14 are similar
and much gimpler than the chromatograms recorded at 600°¢C (Fig 7 and 8).
Purther, because of the regular spacing of the peasks in each chromatogram, it
is likely that the products consist mainly of hydrocarbons at this temperature.
By comparing the chromatograms of the foams and respective polyols in
Fig 13 and 14, it is evident that additional products are generated from the
decomposition of the foams. (lose examination shows that the additional peaks
are the same for each foam (i.e. polyester or polyether) and also ‘the same
as in the chromatograms (F.I.D,) of the decomposition products of the yellow

smokes at 850°C (Fig 11 and 12).- In order to clarify this point, the
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alphabetical notation of certain peaks from the decomposition of the yellow
smokes (Fig 11 and 12) have been recorded on the foam chromatograms of

Pig 13 and 14; it should be noted, of course, that some peaks are common to
both the polyols and the yellow smokes.

It is clear that the decomposition of the foams proceeds by the release
and decomposition Qdepending upon the temperature) of yellow smoke and the. - ‘
separate decomposition of the polyol part.of the foam, Even at 850°C, there
is no evidence of any chemical interactions between the products of the two
routes.

g) Chromatographic calibration experiments

Chromatographic calibration experiments were undertaken in order to
determine quantitatively the amounts of nitrogen-containing products generated
during the thermal decomposition of the yellow smokes and foams. For these
calibration experiments, known quantities of hydrogen cyanide, acetonitrile,
acrylonitrile, benzene, pyridine and benzonitrile were injected directly into
the chromatograph and the peak areas (in arbitrary units) obtained by automatic
electronic integration, were plotted as functions of the weight of each material
firgtly for the flame ionization detector (Fig 15) and secondly for the thermal
conductivity detector (Fig 16 and 17). Both detectors were calibrated be cause
of the low sensitivities of certain nitrogen-containing materials to flame
ionization detection. For the calibration, all materials excluding hydrogen
cyanide were injected into the chromatograph using a 1 - ,Al syringe. Hydrogen

cyahide calibrations were undertaken using gaseous samples because of

difficulties of monitoring the hydrogen cyanide peak with the thermal conductivity

detector in the presence of large quantities of water when using dilute prussic
acid solutions., Benzene was used in calibration experiments firstly to provide
a convenient standard, secondly because of its presence in the decomposition
products and thirdly in order to extend the calibrations to the C2 hydrocarbons
and toluene by the data* of Dietz12u |

A summary of the chromatographic sensitivitiss of the various materials
recorded from the best straight lines (drawn by eye) through each set of points

in.Fig 15, 16 and 17 and the data for the C

o hydrocarbons and toluene (by

Dietz) are summarized in Table 7.

oW
On flame ionization detection, hydrocarbons have a relative sensitivity

of near unity. Benzene is an exception with a value of 1.12.
- 15 -



Table 7. Chromatographic sensitivities of varicus nitrogen-
containing materials and certain hydrocarbons

Chromatographic sensitivity
F.I.D. T.C.D.
Material (arbitrary units x 10% | (arbitrary units x 10°
per mg) per mg)
hydrogen cyanide 38 5240
acetonitrile 640 6660
acrylonitrile 965 5300
benzene 2230 4700
pyridine 1305 4100
benzonitrile 1415 : 4400
C hydro carbons® 2030 -
toluene™ 2130 -
Eby Dietz using benzene as reference material
h) Quantitative analyses of the decomposition products of the yellow smokes
and foams,

Chromatographic analyses of the decomposition products of each yellow
smoke (2,5 and 2.4 mg for the polyester and polyether products respectively)
were undertaken at 800, 900 and 1000°¢ with peak area integration of the main
products shown in the calibration data of Table 7. All products with the
exception of hydrogen cyanide were monitored with the flame ionization detector;
hydrogen cyanide was monitored by thermal conductivity. For omparison purposes
certain products (hydrogen cyanide, acetonitrile and benzonitrile) were also
measured during the thermal decompecsition of each foam (10 mg) again at 800,

900 and 1006903it was not possible to measure the other products (derived from
the yellow smoke) of the foams due to interference from the decomposition '
products of the polyols.

The data giving the quantities of these products in mierogrammes for
the polyester yellow smoke with foam and the polyether yellow smoke with
foar are recorded in Tables 8 and 9 respectively.

The relevant integrator counts are recorded in Appendix 1 and 2

respectively.
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In Tables 8 and 9, the guantities and temperature dependence of the products
from the yellow smoke and from the respective foam (where measured) show a general
agreement. Further, -the products from each yellow smoke (and also from each foam)

are in general agreement.

For the yellow smokes, all materials excluding benzene and hydrogen cyanide
show a tenﬁenéy.féfla'maiiﬁum rate of production at 900°C. Benzene and hydrogen
ey&nidé”increésé'markédly with temperature throusghout.

It is gppargnﬁ-from Eables 8 and 9 that in studies of the nitrogen-containing
products, the decomposition of each foam can be adequately represented by the

decomposition of an equivalent weight (on a nitrogen basis) of yellow smokes.
Table 8

" "PHE DECOMPOSITI(N PRODUCTS OF THE
""" "POLYESTER YELLOW SMOKE (2,5 mg) and CERTAIN EQUIVALENT
PRODUCTS FROM THE POLYESTER FOAM {10 mg) BETWEEN 800 and 1000°C

BRI - Yellow Smoke (/ug) Foam (/ug)
Peak !

- Product 'lettev

. ' - |800°% {900% |[1000% |800% {900% |1000°%
:CzﬁhydrocarbonS‘ ¢, 4 1 53.2 | 8141 1963 H - -
‘hydrogen cyanide- & 26.9 |162 549 39.8 | 285 619
acetonitrile ' - p 2104 | 34,8 | 15.6 | 42,3 | 78.8 | 2804
acrylonitrile k' |- 11,0 | 23.6 3.9 el - =
benzene n 5.8 | 71.8 98,8 —* - -
P sl .
Pyﬂdine T el 347 2.4 =% - =
t&lueﬁé: g . 4.1 506 0.2 —* - -
benzonitrile x| 28.6 [125 | 42,0 | 84.7 [2i2 - | 51.4

* not determined .due to interference from polyol

# 2.5 mg of polyester yellow smoke has the same
nitrogen content as 10 mg of polyester fecam.
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Table 9

THE DECOMPOSITION PRODUCTS OF THE
POLYETHER YELLOW SMOKE (2.4 mg) AND CERTAIN EQUIVALENT
PRODUCTS FROM THE POLYETHER FOAM (10 mg) BETWEEN 800 AND 1000°C 2

Yellow Smoke (/ug) - anm.(/ug)‘
P , Peak oot
xoduct letter T - T 1 '. ’
800%¢ |900°¢ [1000% |800% |900% |1000°%C _ -
02 hydrocarbons cpd 6.8 | -38.5 265 —* - - .
hydrogen cyanide g 2%.0 | 142 h46 55.1 243 522
acetonitrile 3 2648 | 32,0 | 18,7 | 45.0 | 62,7 30.5
acrylonitrile k 1247 217 4o6 - - -
benzene n 63 | 37.9 (101 — - -
pyr'idine r 5e6 19,7 1e2 ~* - -
toluens 8 4.9 6 oD 0.4 - - -
benzonitrile x 3601 [102 41,6 74.8 | 230 41.8

* not determine due to polyol interference
f 2.4 mg of polyether yellow smoke has the same
nitrogen content as 10 mg polyether foam,

i) Experimental recoveries of nitrogen ' .

The nitrogen recoveries (recorded as percentages of the available nitrogen) .
for the nitrogen-containing materials of Tables 8 and ¢ are given in Tables

10 and 11 respectively., Also recorded are the total nitrogen recoveries for

each temperature, From these Tables it is clear that the total nitrogen

recoveries increase markedly with temperature. The maximum total recoveries

(recorded at 1000%C) for the yellow smokes and foams are of the order of 70

to 80 per cent of the available nitrogen. The temperature dependence between

800°C and 1000°%C indicates that the total recoveries would increase further

at temperatures above 1000°C,
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" Table 10

NITROGEN RECOVERTES FROM THE
TEERMAT DECOMPOSITION OF POLYESTER YELLOW SMOKE
(2.5 mg) AND FOAM (10 mg) BETWEEN 800 and 1000°C

B

Fep centp Nit?ggig regovery_(%) Nit:dggn recqvery'(%)
) nitrogen ellow moke . Poam |
Materiasl - : '

(%) 1800% |900% |1000% |=800% |900% |1000%
nydrogen cyanide| 51.8 | 3.2 | 19,5 | 66,1 | 4.8 | 3403 | T4.6
acetonitrile 3442 1.7 2.8 | 1.2 | 347 | 63| 223
acrylonitrile 2644 0.7 | #ut | 02" | - - -
pyridine 17,7 | 0.3 | 1.4 0ot - - -
benzoni trile 13,6 | 09" | 40| 1.3 | 2.9 | 67| i.e
TOTAL - 6.8 | 29.1°| 68.9 "|10.9% | 47.3%| 78.5%

Note: nitrogen content of 2,5 mg of polyester yellow smoke ;
or 10 mg of polyester foam is 430 /ug.

* sub-totals for hydrogen byanide, acetonitrile s'.ﬁd_ benzonitrile

only.

£ of product.
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Table 11

NITROGEN RECOVERTES FROM THR
TEERMAL DBCOMPOSITION OF POLYETHER YELLOW SMOKE
(2.4 mg) AND FOAM (10 mg) BETWEEN 800 &ND 1000°C

Nitrogen recovery (%) |Nitrogen recovery (%)

Por cenbp Yeolliow Smoke Foan
Material nitrogen p - - - - -
(%) | 800°% [900% [1000% |800°% [900% |1000% )
Hydrogen cyaniae 51.8 2.9 17.9 | 69.0 740 - 307 66;0
Acetonitrile 34,2 | 2.2 27 | 1.6 | 3.8 _—5.2 25
Acrylonitrile 2644 0.8 1e4 | 0-37 - - .l;.;
Pyridine 177 0.2 0.9 | 0.05 -7 - : -
Benzonitrile 13.6 1.2 Bedk 1.4 205 .7;6 1;4
TOTAL | - | Te3 26.3' T244 13-3; 43.5* .69-9;“

4

foams

Note: nitrogen content of 2,4 mg of polyether yellow smoke
or 10 mg of polyether foam 1s 410_/ug.

* sub~{otals for hydrogen cyanide, amcetonitrile asnd
benzonitrile only.

p of products.
DISCUSSION

This report shows that the decomposition of the polyester and polyether -
are similar and proceed according to the routes shown in Table 12, |

At low temperetures (200 to 300°C) the foams decompose to give a volatile

yellow smoke leaving a polyol residue. The volatile smoke is common to both

foams

and appears to contain ell the nitrogen from the original foams.
At intermediate decomposition temperatures (300 to 800°C) the yellow

semoke is stable at the furnace residence times of this report, The decomposition
products of the polyols at these temperatures are complex and probably consist of
hydrocarbons and oxygeneted species.



At high temperatures (800 to 1000°C) the decomposition products of the
polyols are generally simpler than at the intermediate temperatures and may corsiss
only of hydrocarbons. These temperatures are sufficient to decompose ths yellow

smoke to give a8 number of nitrogen-containing materials of low molecular weighh.

At 800% the yellow smokes decompose giving hydrogen cyarnide, acetonitrile,
acrylonitrile, pyridine and benzonitrile as the main nitrogen-containing producis
with a total nitrogen recovery of the order of 5 to !5 per cent (see Tables 10 apd
11); the remaining nitrogen being presumably retained in the yellow produck
which passes unchanged through the furnace, At 900009 the Lotal nitrogen recovery
is increased (see Tables 10 and 11) and hydrogen cyanide and benzonitrile
predominate in approximately equal proporiions (Tables 8 and 9) as the main
nitrogen-containing products, At 100000, the total nitrogen recoveries are of
the order of 70 to 80 per cent with the main product being hydrogen cyanide.

Only very small quantities of acetonitrile, acrylomitrile, pyridine and
benzonitrile are present at this temperature.

Adthough existing knowledge of the thermal decomposition processes is vague,

13,14,15

there have been some reports of the depolymerization ¢ Of polyurethane Icams

at low temperatures to give the isocyanatte amd alcohol particularly during early

t3°14’1§, have been suggested

studies of the foams. Other important reactions
as invdlving the disscciation of the urethane groups to give a. primary amine,
olefin and carbon dioxide or a secondary amine and carbon dioxide., In tkis
report the depolymerization of the polyurethare to isocyanate is favoured sizce
amine products are not as readily polymerized as isocyanates and, if polymerized,

would yield products with elemental compositions less similar %o that of T.D.I.

It has been suggested15 that the two reactions most likely Ho oceour with the
heating of isocyanates at iLemperatures up to 30000 are carboiiimide formation
and trimerization (i.e. isocyanurate formation), Trimerization of T.D.l.
involves the coupling of three isocyanurate groups {from separate T.D.I.

molecules) to give a ring system of the type:-

O
t
/F:\
QA — N N—- R
l
3 RNCo —_— o =c L__.o
N
N./’
|
R

isocyanuraie (I)
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TABLE 12

PRODUCT FORMATION ROUTES DURING THE
THERMAL DECOMPOSITION OF POLYURETHANE FOAMS
BETWEEN 200 AND 1000°C

Polyester foam Polyether foanm
(c, i 0) \ (C’ I 0)
i) Low temperature Polyester polyol REgSlatile ' Polyether polyol
P P N poLy
(200 - 300%) residue yellow smoke . residue
(c, H, 0) (c, H, N, 0) (c, H, 0)
(ii) Intermediate Decomposition* Volatile Decomposition*
temperature products of yellow smoke products of
N (300 - 80000) polyestér polyol (unchanged) polyester polyol
!
(iii) High temperature Decomposition** Decomposition Decomposition**
(over 800°%) products of products of products of
polyester polyol yellow smoke polyether polyol

e.g. hydrogen cyanide

acetonitrile etc
slzycomplex mixture of products (probably hydrocarhons and oxygenated species)

*X. probably hydrocarbons = see text.



The overall polymeric isocyanurate of T.B.I. is a complex cross-linked system.

Carbodiimide formatlon involves the" llnklng “of two 1socyanate g“oups Wlth

release of carbon d10x1de namelys—

2 RRNCO —> R-N=C=N-R
B carbodiimide (II)
e

Polymeric carbodiimides have been reported ” in high yields from the- L
decomposition of certain urethanes of diphenylmethane dllsoeyaname and also from -

the direct heating of the diisocyenmatie alomeo - . - . - - = .G . . il o

In this report the yellbw smokes ha4e'é§peiiﬁental nitrogen’ébnteﬁﬁs'Eeﬁﬁee:
17 and 17.5 per cento Trimerization of the ToDoIo t0 an 1seeyanurate system (I)
would give a polymeric material w1th a nltIOgen content the same as for T.D Io

namely 16.1 per cent. Carbodllmlde formation (II) Would generate a polymer w1th

" & theoretical nltrogen content of 21.5 per cent, -~ The unknown yellow producus

may exist as polymeric materials (Wit still wolatild at 200 Lo 300 %Y ‘containing
both carbodiimide and isoéyanurate” l1nks, p?eport10ﬁed to glve aq exPexmmental
nitrogen conkent of around 17 pE” eento ' Axmauernal of this klnd could well -
explain the observed stability to temperatures appvoachlng 800 % undew Lhe  1'

conditions of thls repors.

When heated +o temperatures above 800 C ne yellow smoke deeomposes 0- 
give a number of products W1th hydrogen eyan;de ani berzon;urlle predomunadlﬂg:.
(Tables 8 and 9). There is eV1dence thet uhe aromatic xnng system is broken ,'
in order to prOV1de materlals such as he C hydroea%bo =) and pyrldlneg buu .
retained in the formation of- bepzoaatrale. Teluepe is a mlwer_produe4 and
smaller in quantlty than benzene suggesulrg pOSSlbly that the obseryved hen ae;
is reformed in some way, togethea with pyrldlne and the C hydroearbo .
following the cleavage of the aromatic ring. The ring breakage and subsequert
re-arrangements presumably provide the availakle hydrogen for the production

of hydrogen cyanide.

Finally, although this work shows that the T.D.I. unit is released as a
polymeric material, this does not preclude the possibility of the release of
some free T.D.I. which is known to be a highly toxic materiall., This
material would not be detected by chromatography under the comditioms of this
report and some recent experiments to monitor free T.D.I. from the decompositions
of the foams by mass spectrometry have nobt been conclusive since additional
experiﬁents where free T.B.I. has been introduced (as a solution in toluene)
into the mass spectrometer gives a distinet toluene speetrum but no spectrum of
T.D.I. It is thought that the T.D.I. is lost by polymerization inside the

heated inlet system of the maass spechrometer,
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Current work ig in progress to qvercbmerthe ﬁroblem of the analysis of
T.b.I. and to monitor the release of the mdterial from the decomposition of
the foam and will be reported shortly.

Further work, including experimental studies of the composition of the
yellow smokes and studies of the thermﬁl-oxidative decompogition and decomposition
products of the foams will be recorded in future reports,

5. CONCLUSIONS | R L

(1) At low temperatures (200 to 300?&) there is & rapid and complete loss of
the T.D.I. unit of each foam as a volatile. smoke leaving a polyol residue.

(2) The smoke (which is common to both foams) has been isolated as a yellow
solid containing all the nitrogen of the original foams. The yellow smokes are
stable under the conditions of this report to 750°C.,

(3) Nitrogen-containing materials of small molecular weight are genqrated by
the high temperature decomposition of the yellow smokes. The observed products
from the high temperature decompositioné of the foam and equivalent weights

(on a nitrogen basis) of yellow smokes are in agreement.

(4) When decomposed at 80000 the foams (or equivalent amounts of yellow smokes )
produce hydrogen cyanide, acetonitrile, acrylonitrile, pyridine and ‘
benzonitrile as the main nitrogen;containing products, At 90000, all of

these 5 products are formed but hydrogen cyanide and benzonitrile prédominate.
At 100000, hydrogen cyanide is #irtually the only nitrogen cbntaining product.
At this temperature (1000°C) approximately 70 per cent of the available
nitrogen has been recovered as hydrogen cyanide.

(5) 1f decomposed at temperatufes in excess of 100000, it ie suggested that
virtually all of the nitrogen contents of the foams may be released as

hydrogen cyanide.
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T APPENDIX

a) Appendix 1.

Integrator counts (arbitrary units) for the products from the thermal decomposition of

polyester yellow product (2.5 mg) and foam {10 mg) for the calculations of Table 8.

t

Yellow Product Foam
Material inigr Detector

800°¢ 900°¢ 1000°¢ 800°¢C 900°¢ 1000°%
€, hydrocarbons ¢, d FoIl.Ds 1079 (3)* | 1647 (3) | 3923 (2) Y - -
hydrogen cyanide g T.C.D. | 1409 (1) | 8490 (1) | 2879 (2) | 2085 (1) | 1494 (2) | 3242 (2)
agetonitrile 3 F.I.D, 1367 (2) | 2226 (2) | 1000 (2) | 2709 (2) 5042 (2) 1818 (2)
acrylonitrile Kk F;I.D. | 1060 (2) | 2277 (2) | 3738 (1) - - -
benzene n F.I.D. | 1300 (2) 1601 (3) [ 2204 (3) iy - -
pyridine r FoI.Do | 8348 (1) | 4531 (2) | 3091 (1) . - -
toluene s F.I.Ds 8685 (1) | 1200 (2) | 5000 (0) - - -
benzonitrile x FoI.Do | 4046 (2) | 1771 (3) | 5947 (2} | 1199 (3) | 3001 (3) | 7276 {2)

* number in brackets denotes the powers of ten;

f not measured due to polyol interference

for example 1079 (3) = 1079000 arbitrary units




_La_

b) APPENDIX 2.

Integrator counts (arbitrary units) for the products from the thermal decomposition of

polyether yellow product (2.4 mg) and foam (10 mg) for the calculations of Table 9,

Y;llow product Foam

Haneral Lether | Detector 800% 300% | 1000% 800°%C 900°C 1000°C
€, hydrocarbons c,d F,I.D. 7467 (2)* | 7806 (2) | 5385 (2) v - -
hydrogen cyanide g T.C.D. 1203 (1) | 7435 (1) | 2860 (2) | 2885 (1) | 1271 (2) 3734 (2)
acetonitrile j F.I.D. | 1717 (2) | 2045 (2) | 1197 (2) | 2879 (2) | 4013 (2) | 1949 (2)
acrylonitrile k F.I.D. 1228 (2) 2008 (2) | 4437 (1) - - -
benzene n F.I.D., | 1412 (2) | 8443 (2) | 2247 (3) - - -
pyridine T F.I.D. | 7274 (1) | 2569 (2) | 1569 (1) - - -
toluene g F.I.D. 1034 (2) 1377 (2) | 7500 (0) - - -
benzonitrile x F.I.D. | 5102 (2) | 1445 (3) | 5882 (2) | 1058 (3) 3252 (3) | 5909 (2)

* number in brackets denotes the powers of ten; for example 7467 (2) = 746700 arbitrary units

# not measured due to polyol interference
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