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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 ultramicroanalysis. It is shown that the decomposition behaviours
of the two foams are similar. At low temperatures (200 to 3000C) there is a
rapid and complete loss of the tolylene diisocyanate unit of each foam as a
volatile smoke leaving a polyol residue. This smoke, which has been isolated as
a yellow solid'(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 0C. 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 8000C,

the 5 products listed above are present. At 9000C, hydrogen cyanide and
benzonitrile are predominant and at 10000C, hydrogen cyanide is virtually the
only product. At 10000C, approximately 70 per cent of. the available nitrogen
of the foams has been recovered as hydrogen cyanide.
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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 toxic pyrolysis products containing nitrogen such as hydrogen cyanide,

organic cyanides and ammonia. 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 products 1, 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 nitrogenous 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, almost all of the available nitrogen can appear in the products

of decomposition (15-minute periods) at temperatures as low as 300oC. For this

reason the present study deals with two common flexible foams namely a polyester

and a polyether type.

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

- 1 -



foams can be

will be

chromatograms of the decomposition products of the foams and parent polyols

in order to isolate 'prOducts which 'are 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

since knowledge of this kind is of help for, understanding the general principles

of the decomposition processes.

b) Chemistry of polyurethane foams

The detailed chemistry of both rigid and flexible polyurethane

d 3-6 '1foun in a number of excellent texts and only the general det ai, s

recorded here with an emphasis on flexible foams.

The fundamental reaction in polyurethane chemistry is the interaction

between an isocyanate (R.NCO) and alcohol (R'l ~'OH) as in reaction (1); other

important

R.NCO + R1.OH ~ R.NH. CO. OR 1 ••.•.••••• ,eaclion (1)

reactions occur between isocyanate units and groups such as COOH and NH2• The

general name of '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 to a dihydric alcohol R
1(OH)2' a linear polyurethane can be

prepared with the general type of formula:

1
- O.R .O.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
2

0 ~ R.NH
2

+ CO
2

reaction (2)

amine further reacting with additional isocyanate.

In present day foams tloPo d:i.'iiBoeyanatea 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:

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

2:4 isomer

- 2 -
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(ii) Diphenyl methane 4,4' diisocyanate

OCN~C\1L-~ Nc.O

It should be noted that both isocyanates are toxic. 7The T.L.V. of the 2:4

i.somer 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 wi~h T.D.I. and M.D.I. in the manufacture of

foams are not simple alcohols but are themselves polymers. These polymers,

often termed parent polyols or simply polyols, are based on either polyester

or polyether units (i.e. with repetitive ester 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 (nooct CH2) 4 eOOH) and diethylene glycol to give hydroxyl term.ina1B d

polyesters. Typical polyether polyols are prepared from the polymerization of

propylene oxide and glycerol. Foams, based on similar compositions to the

typical polyols given above, have been used in the decomposition experiments

of thi.s 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 polyol is reacted with an excess of diisocyanate to give an isocyanate

terminated prepolymer. The prepolymer has a useful shelf life and is foamed

by the addition of water. Semi-polymers ar? sometimes used where the diisocyanate

is reacted with a portion of the polyol giving 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 (inclUding water) are reacted

simultaneously to produce the foam.

2. EXPERIMENTAL

a) The main decomposition system.

The decomposition system used in this report is essentially the same as

outlined in a number of recent reports involving the thermal decomposition of

PVC
8

and phenol-formaldehyde resins9• 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:!: IOe at 500oe)
- 3 -



by the influence of an external magnet on the steel plug P. During the

decomposition a flow of dry nitrogen (B.O.C,. white spot grade) is maintained

through the silica furnace tube at 100 ml/min to carry the voLatdLe decomposition

products along the heated outlet tube and into a heated stainless steel gas

sampling valve coupled in the usual way to a research gas chromatograph. During

a collection period (1'6 min) the nitrogen from, the f'urnace is direoted through

the collecting loop (stainless steel ~u~In~;~.imm o.~.) and condensable materials

are trapped from the gas stream by surrounding the loop with a refrigerant

(li~uid nitrogen at -196oC). During this collection period an internal bypass

in the valve maintains the supp~y 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 ~uickly to 200~C 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 150°C in

order to avoid problems from the absorption and condensation of analysable

products prior'to chromatography.

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

The thftrmal 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 (150oC) of the main

decomposition system.

Separate furnace systems were devised for studies of the smoke (later

termed yellow smokes) firstly to collect small ~uantities of smoke for volatility

tests and ,secondly to collect substantial ~uantities 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 s d , }, A weighe'd piece of glass wool (A) is

inserted into the furnace tube as shown for smoke collection. In Fig.2(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 colEcted 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 consists of a 380-mm tube furnace

(controlled at 300
oC)

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 boat by the influence of a magnet on the steel plug. A flow of nitrogen

(B.O.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 ald the yellow

needle like crystals on the tip of the tube are removed with a spatula.

c) 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 300C to 2650C 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 electronic 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 instrument 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 pUblication10 All spectra were

recorded at 70 eV and were interpreted using the spectral data compiled by

Cornu and Massot11•

e) Elemental analysis studies

All elemental analyses were undertaken using a commercial elemental

ul tramicroanalyser using samples weighing approximately 500 ,.. g. Details of the

application of elemental analysis to studies of the thermal decomposition of
2polyurethane foams has been presented The quoted accuracy of the analyser is

%C :!: 0.25 per cent, %II :!: 0.10 per cent and %N :!: 0.30 per cent. Oxygen is

obtained by difference from 100 per cent.

- 5 -



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 small 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 experimental elemental an.alyses of the polyester and

polyether foams (from an earlier report)2 and the respective parent polyols.

Each recorded value represents a mean experimental figure. Also shown in Table

are the percentages of tolylene diisocyanate (T.D.I.) and polyol 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 cent N).

TABLE 1•. Elemental analyses (C, H and N)~ of polYurethane
foams and parent polyols and the calculated

compositions of the foams

, , , .

*Polyurethane Polyol Foam composition

c% H% N% C% H% N% T.D.I(%) Polyol (%)

Polyester 59.2 6.9 4.3 54.0 '~7·.4 0 26.7 73.3

Polyether 61 .3 9.0 4.1 60.3 10.1 0 25.4 74.6 ...

*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 foams preferentially release the nitrogen contents. Fig.4 shows the

weight-losses and the nitrogen-losses (as percentages of the theoretical

losses) a't temperatures between 200 and 300 0C re-recorded from the earlier

report. From this figure it is clear that the decomposition behaviours of the

two foams are similar and at ~OOoC there is a virtually complete loss of nitrogen

with a weight-loss of only about 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 3000C, 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 3000C for 15-minute periods in a:f):low of 'oxygen-free nit;ogen at 100 ml/min.

The products were collected 'using liq~id: ni'trogen (-1960C) as the refrigerant' 

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 conditions as used for the foams. The

weight of each polyol was chosen to represent the weight present 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 superimposing the resp~ctive 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.

Fig.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.r.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 experien~e of the sensitivity of the chromatograph it is clear

that the total quantities of products detected by chromatography at 3000C from
...

both the polyester and polyether foams are very small. Further, although some

fine detail may be lost during the duplication processes, there are distinct

similarities 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.

*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 approximately 35 per cent (i.e. approximately 3.5 mg for

,0 mg of foam) during decomposition at 300
0C.

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 co ndi tions of analysis

or, more likely, of too large a molecular weight for analysis by Porapak Q.

Further, the small quantities of products detected at 3000C are derived from the

polyol content of each foam. There is no evidence of products which can be

attributed to the decomposition of the T.n.I. part of the foams.
oIn addition to the experiments at 300 C, product analyses by chromatography

owere also undertaken at 400 and 600 C. Fig 7 and 8 show the chromatograms of the

decoffiposition 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 4000C. The equivalent
o

data for 600 C is shown in Fig.9 and 10. All chromatograms were recorded with

flame ionization detection using the same attenuation (102 x 8) as used in the

experiments at 3000C.

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 feamres of Fig.5 to 8 inclusive are the similarities between

the decomposition products of each foam and respective polyol. 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

~aterial 'lost' at 300 0C with a weight loss of approximately 35 per cent for each

*foam is the tolylene diisocyanate (T.n.I.) unit. This T.n.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

siffiilarities between the weight-losses of the two foams between 200 and 300
0C

and the rapid loss of nitrogen at these temperatures. The additional weight

losses at 3000C between the observed values (39 and 34 per cent for the polyester

ffi.d polyether foams respectively) and the weight-losses due to T.n.I. may be

*but not necessarily as free T.n.I.

- 8 -
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associated with the loss of relatively low molecular weight polyol, carbon

dioxide or water from the polyol in the foam.

c) Preliminary smoke investigations,

During the decomposition experiments recorded earlier in this report'l

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 yellow solid. An experimental furn~ce system for collecting

small quantities of the smoke for volatility tests has been outlined in the

experimental section (see section 2(b) and Fig.2).

The results obtained from the smoke generated flOm the decomposition of

100 mg of polyester and polyether foams at '3000C and the volatilities of the

smokes are recorded in Table 2. Volatility tests were undertaken at 100, 200
oand 300 C.

Table 2. Smoke collection and volatility tests

a) Smoke collection (3000C)

Polyester Polyether
"

Initial weight of foam - mg 100 100

Weight'-loss ~1 5 minutas) - mg 38.2 33.1

Weight-gain of plug A - mg 27.6 26.8

b) Volatility tests (100 - 3000C)

Total weight-loss of plug A (15 minutes)-mg,
Temperature

°c Polvester , Polvether

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 3000C 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 on~ or many chemical

species). It is however, quite evident from the experiments that the smokes

are not free T.D.I.

- 9 -



Using the smoke collection'system of Fig 2(a), a n¥IDber of repetitive

decomposi tions (100 mg each) wereundertakeln at 300
0

C using firstly the

polyester and secondly the polyether foam in order to collect sufficient

quantities for elemental ut tr-anrtcroana.Iyafs ,' In these decomposition experiments

each foam produced a similar yellow solid which formed needle-like crystals on

the glass wool. The crystals were insoluble in acetone, benzene, pentane,
.•.. . . ...". \/ ( ":'. ~".' -' ". ' ". .

carbon tetrachloride, trichloretha.ne;\eth~ol,and,water,but sufficient

quantities for elemental,ultramicroanalysis' were removed from the glass wool

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

Table 3 Elemental analy~es (C, H and'N)P of the yellow snokes from
the polyester and 'polyether foams by glass ,-

wool collection
, , -

Origin of yellow smoke Elemental Analysis

a% H% N%

Polyester foam 63.5 5.9 17.3

Polyether foam 64.2 5.6 17.0

"- 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. Volatility tests

confirn that the material is not free T.D.I.; it may be a polymer of T.D.I.

or a polymer of 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 yellow 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 way 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 -
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Table 4 Elemental analyses (C, H and N)P of yellow smokes
from the polyester and polyether

foams by direct collection

Yellow smoke Sample Elemental analysis

rJ%, H% N%

Polyester 1 64.2 6.0 17.5

2 64.3 5.9 17.5

Polyether 1 64.3 5.7 17.1

2 64.2 5.7 17.0

Poxygen by difference from 100%

The nitrogen contents of the two yellow smokes are both slightly larger than

that of T.D.I. (16.1%). This difference in each case may be due to an initial
,00

loss of T.D.I. as a polymer ~uring the decomposition of each foam at 300 C and

a subse~uent loss of water and/or carbon dioxide (which would not be detected

in the chromatographic experiments with flame 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

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 ~uantities will be used

throughout this report as representing the amounts of yellow smoke available

from the 10 mg of each foam.

e) G.C - MS Analysis of the decomposition products of the yellow smoke.

For chromagraphic analysis of the decomposition products of the yellow

smoke, samples representing the amounts which would be generated fran 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 -1960 C) introduced into the chromato~aph as

outlined in the experimental section. In this work no products were detected

during a complete temperature programmed chromatographic analysis'at

decomposition temperatures up to 750 0 C for either the polyester or polyether

yellow smoke. At temperatures between 800 and 1000
0C

(maximum temperatured used)

both yellow smokes produced distinct 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 0C. From these figures it is evident that both yellow

smokes (i.e. from the polyester and po Lyather- foams) are chem.l cafLy isf.riu.Lar,

- 11 -



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 decomposition of the

polyester yellow smoke at 850 oC* (i.e. as shown by the chromatograms of Fig.11).

Spectra were interpreted by the data of Cornu and Massot11 as shown in Table 5;

the interpretations of all significant peaks were confirmed by direct seeding

experiments as indicated.

* GC-MS studies were undertaken at 850 0C since 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
the polyester yellow smoke at 850 0C by

mass spectrometry and
direct seeding experiments

of

Peak
nomenclature Mass spectrometric interpretation Direct seeding confirmation

furnace carrier gas
not identified - mass spectrum very small
other possibility - aniline
other possibilities - phenyl acetonitrile or indole
peak e also contained traces of ammonia

a
b
c
d
e
f
g
h
i
j
k
I
m

n
0

p
q
r
s
t
u
v

w
x

y
z
A
B
C
D
E
F

J_

G

x
*
~
ll'
**

Nitrogenlt

Carbon dioxide
Ethylene
Ethane
Water**
Propane
Hydrogen cyanide
Not identified*
Butyne or butadiene
Acetonitrile
Acrylonitrile
Propionitrile
Methyl Acrylonitrile or
Vinyl Acetonitrile
Benzene
Methyl acrylonitrile Or
Vinyl acetonitrile
Not identified*
Pyrrole
Pyridine
Toluene ~

Methyl pyridine,.,(
Methyl pyridine!"
Cyclooctatetrene or
styrene ..
Vinyl pyridine
Benzonitrile or
benzamide
Not identified*
Indene
Methyl cyanobenzenell'
Methyl cyanobenzenell'
Not identified*
Not identified*
Naphthalene
Quinoline or
Iso-quinoline
Not identified

Ethylene
Ethane
Water

Hydrogen cyanid e

Acetoni trile
Acrylonitrile
Propionitrile

Benzene

Pyridine
Toluene

Benzonitrile
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Mass spectra were then obtained of the main components during the
odecomposition of the polyether yellow smoke at 850 C; 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 smoke

at 850 0C by mass spectrometry and
direct seeding experiments

Peak Mass spectrometric Direct seeding
nomenclature interpretation confirmation

,
c ethylene ethylene
d ethane ethane
e water water
g hydrogen cyanide hydrogen cyanide
j acetonitrile acetonitrile
k acrylonitrile acrylonitrile
n benzene benzene
r pyridine pyridine
s toluene toluene
x benzonitrile benzonitrile

or
benzamide

f) High temperature decomposition experiments with the foams and parent 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 850oC. 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 polyol"respectively. The products

were monitored using simultaneous flame ionization and thermal conductivity

detection. The chromatograms (F.I.D.only) obtained at 850 0C 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 simpler than the chromatograms recorded at 6000C (Fig 7 and 8). ~~

Further, because of the regular spacing of the peaks 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. Close 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
0C

(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

Fig 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 (depending upon the temperature) of yellow smoke and the.

separate decomposition of the polyol part.of the foam. Even ~t 850
0C,

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 hydr-ogen 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

firstly 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 excludi.ng hydrogen

cyanide were injected into the chromatograph using a 1 - r l syringe. Hydrogen

cyahide calibrations were undertaken using gaseous samples because of

difficulties of monitoring the hydrogen cyanide peak with the thermal conductivi ty

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
• 12 .and toluene by the data of Dietz •

A summary of the chromatographic sensitivities of the various materials

recorded from the best straight lines (drawn by eye) through each set of points

in;rig 15, 16 and 17 and the data for the C
2

hydrocarbons and toluene (by

Dietz) are summarized in Table 7 •

• On flame ionization detection, hydrocarbons have a relative sensitivity

of near unity. Benzene is an exception with a value of 1.12.
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Table 7. Chromatographic sensitivities of various nitrogen
containing materials and certain hydrocarbons

Chromatographic sensitivity

F.LD.
x 104

T.C.D.
x 102Material (arbitrary units (arbitrary units

per mg) per mg)

hydrogen cyanide 38 5240

acetonitrile 640 6660

acrylonitrile 965 5300

benzene 2230 4700

pyridine 1305 4100

b enzonf,trile 1415 4400

C2hydrocarbons" 2030 -
toluene" 2130 -

"by Dietz using benzene as reference material

h) Quanti tative 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)
owere undertaken at 800, 900 and 1000 C 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 romparison purposes

certain products (hydrogen cyanide, acetonitrile and benzonitrile) were also

measured during the thermal decomposition of each foam (10 mg) again at 800,

900 and 1000~C;it 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 microgrammes for

the polyester yellow smoke with foam and the polyether yellow smoke with

foam are recorded in Tables 8 and 9 respectively.

The relevant integrator counts are recorded in AppendiX 1 and 2

respectively.

- 16 -
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In Tables 8 and 9, the lj,uantities and temperature dependence of the products

from the yellow smoke and from the respective foam (where measured) show a genezaL

agreement. Further, ,the products from each ye110w smoke (and also from each foam)

are in general agreem~nt.

For the yellow smokes, all materials excluding benzene and hydrogen cyanide
, - - -, ' ,. 0

show a tiendency for a maximum rate of production at 900 C. Benzene and hydrogen
.: ,J ".

~de increase' markedly with temperature throughout.

It is apparent, from Tables 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 ye11~~ smokes o

Table 8

'TIlE DECOMPOSITION PRODUCTS OF TIlE

'POLYES1lER YELLOw SMOKE (2 0 5 mg) and CERTAIN EQUI\lALENT

PRODUCTS FROM TIlE POLYESTER FOAM (10 mg) BETWEEN 800 and 10000e p

, , '

.. _- -- ... _.. - «- - Yello·. Smoke (rg ) Jiloam Jrg )
Peak

Product
letter

'."', -- 8000e 9000e 10000
C 8000e 9000e 10000e

e2--hydrocarbons' c ,' a ' 5302 81 01 '9.3 -* - -
:hydrogen cyanide - g 26.9 162 549 3908 285 619

, '
, ,

acetonitrile ' . j 21 ~4 34.8 1506 4203 78 08 2804

acrylonitrile k' 11 00 23.6 309 -* - -
benzene !l 5.8 71 08 9808 -* - -

J ", • .
pyr:j.dine r 6.4 34.7 204 -* - -_.' ~.

z: ,', .
toluene s, 4.1 506 002 -* - -

. ' .'
,)' · ..·r

benz.onitrile ,x 2806 125 42.0 84.7 212 51.4.
I

-'
,

. :-'

*,n~t det~rmined;due to interference from polyol

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

THE DEOOMPOSITION PRODUOTS OF TIlE

POLYETHER YELLOW SMOKE (2.4 mg) AND CERTAIN EQlJIVAlLENT

PRODUOTS FROM THE POLYETHER FOAM (10 mg) BlfflmEN 800 AND 1000°0 fI

Yellow Smoke (j~) "'" Foam (jug) ,
Peak "Product letter I

800°0 900°0 1000°0 800°0 900°0 1000°0

O2 hydrocarbons c,d 36.8 38.5 26.5 -* - -
hydrogen cyanide g 23.0 142 546 55.1 243 522

acetonitrile j 26.8 32.0 18.7 45.0 62.7 30.5

alCrylonit rile k 12.7 21.7 4.6 J - -

benzene n 6.3 37.9 101 J - -

pyridine r 5.6 19.7 1.2 J - -
>

toluene s 4.9 6.5 0.4 -* - -

benzonitrile x 36.1 102 41.6 74.8 230 41 .8

* not determine due to polyol interference

f' 2.4 mg of polyether yellow smoke has the same
nitro~n 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 9 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 wi th temperature. The maximum total recoveries

(recorded at 1000°0) 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°0 and 1000°0 indicates that the total recoveries would increase further

at temperatures above 1000°0.
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. Table 10

NITROGEN RECOVERIES FROM THE

THERMAL DECOMPa3ITION OF POLYESTER YELLOW SMOKE:

(2.5 mi) ANn FOAM (10mg) B~ 800 _ci. 1000°0

Per cenJ Nitrogen recaver;r ,(%) Nitrogen recavery (%)
Yellow Smoke Foam . ,

MateriaJ. nitrogen

, (%) 800°0' 900°0 10000d 800°0 900°0 1000°0
.. . .... , . .. , _...

hydirogen cyanide 51.8 3.2 19.5 66.1 4.8 34.3 74.6
.. -

acetonitrile 34.2 1.7 2.8 1.2 3.4 : 6.3 2;3..,

,
acrYlonitrile 26.4 0.7' . ..1'.4 0.2 - - -
pyridine 17.7 0.3 1.4 0.1 - - -... -- ..

bemronitrile 13.6 0.9 . 4.0 1.3 2.7 6:7 1'.6 .-
- " ' . .. - .

TOTAL - 6.8 29.1 68.9 10.9"- 47.3* 78.5*.._.... . ,1_ ' ,

Note: nitrogen content' of 2.5 IDg of polyester y~llow smoke ;
or 10 mg of polyester foam is 430 jug.

* sub-totals for hydrogen cyanide, acetonitrile and. benz9nitrile
only.

l' of product.

- 19 -
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Table 11

NITROOEN RECOVElnES FROMTm:

TIlERM6lL DECOMPWITION OF POLYETHER YELLOii SMOKE.

(2.4 mg) AND FOAM (10 mg) BETWEEN 800 AlND 1000°0

Nitrogen reoovery (%) Nitrogen reoovery (%)

Per oan'ti Yelllow Smoke Foam
Material nitrogen I ,

eo 800°0 900°0 100000 800°0 900°0 1000°0

Hydrogen oyanide 51.8 2.9 17.9 69.0 7.0 . 30.7 66.0

Aoetonitrile 34.2 2.2 2.7 1.6 3.8 5.2 2.5

..

Aorylonitrile 26.4 0.8 1.4 0.3 - - -
...

PYJZidine 17.7 0.2 0.9 0.05 - - -
.

Ben150nitrile 13.6 1.2 3.4 1.4 2.5 7.6 1.4

TOTAL - 7.3 26.3 72.4 13.3* 43.5* 69.9*

Note: nitrogen oontent of 2.4 mg of polyether yellow emoke
or 10 mg of polyether foam ie 410:fU8.

* sub-totals for hydrogen oyanide, aostonitrile and
banzonitrile only.

/J of produots.

4. DISCUSSION

This raport shows that the deoomposition of the polyester and polyether

folilllS are similar &lll.d prooeed aooording to the routes shown in Table 12. !
,

At low temperatures (200 to 30000) the foams deoompose to give a volati:le,
yellow smoke leaving a polyol reaidue. The volatile smoke is oommon to both

foams and appears to oontain Bill the nitrogen from the original foams.

At intermediate deoomposition temperatures (300 to 80000) the yellow

smoke is stable at the furnaoe residenoe times of this report. The deoomposition

produots. of the polyols at these temperatures are oomplex and probably oonsist of

hydrooarbons and oxygenated speoies.
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At high temperatures (800 to 1OOOoC) the decomposition products of the

polyols are generally simpler than at the intermediate temperatures and may consd.sf

only of hydrocarbons. These temperatures, are sufficient to decompose the yellO'"I1

smoke to give a number of nitrogen-eontaining lIB terials of low molecuJ.ar weighto

A.t 800°C the yellow smokes decompose giving hydrogen cyanide, acetonitrile p

acrylonitrile, pyridine and benzonittile as the main nitrogen-containing producbs

with a total nitrogen recovery of the order of 5 to 15 per cent (see Tables 10 and.

11); the remaining nitrogen being presunably retained in the yellow product

which passes unchanged thrOUgh the furnaceo At 9000C, the total n.itrogen recC'f7ery

is increased ( see Tables 10 &1'J.d 11) and hydrogen cyanide and benzonf, tr.ile

predominate in approximately equal proportions (Tables 8 and. g) as 4jh.e main

nitrogen-containing products. At l0000C, 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, acrylonitrile, pyridine and

benzonitrile are present at this temperature.

AJ.though existing knowledge of the thermal decompcsation processes is vague,

there have been some reports of the depOlymeriza·ti.OZl13, 14, 15p of polyu.re·bhaZle foams

at low temperatures to give the isocwa!Iaite and alcohol particularly during ea!'ly

studies of the f'oams , Other important reactions1.3?14,1~, have been suggested

as involving the dissociation of the urethane groups t.o give a... primary amtzie ,

olefin and carbon dioxide or a secondary amine and 08....--:0;;·0::1 dioxide o In this

report the depolymeriz&tion of the polyurethane to Ls ocyanate is favO'tL.""ed 8i:"1.0$

amine products are not as r'eadily polyme:::'i.~ed. as i.socyanates aZld l1 if polymerlzed l1

would yield products with elemental oompositio229 less simila!' to ·tha·t of T.D. I.

It has been suggested15 that the two reactions most li.kely to OCC'llZ' wi ~~:h. tts.

hea.ti~ of isocyanates at temperatures up to 300°0 are carbolii.mide fcnnatio::1

and trimerization (i.e. isocyanurate formati.on).. TZ'imerizati.on of T..DoI..

involves the coupling of three isocyanu!'ate groups (from separate ToDol.

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

3 R NCo o=c:. c==o" /r-J
I
R

isocyanu:rate (1)
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TABLE 12

PRODUCT FORMATION ROUTES DURING TEE

THERMAL DECOMPOOITION OF POLYURETHANE FOAm

BErWEEN 200 AND 1OO0
0 e

Polyester foam
(e, H, N, 0)

J ~
Polyester polyol . ·"·;o''liilatile

f\)
ro

Low temperature

(200 - 3oo0e)

Intermediate

temperature

(300 - 800
0e)

High temperature

(over 8000 e )

residue

(c, H, 0)

1
Decomposition*

products of

polyester polyol

Decomposition**

products of

polyester polyol

yellow smoke

(c, H, N, '0)

1
Volatile

yellow smoke

(unchanged)

1
Decomposition

products of

yellow smoke

e.g. hydrogen cyanide

acetonitrile etc

POlyether foam
(c, H, N, 0)

Polyether polyol

residue

(C, H, 0)

L
Decomposition*

products of

polyester polyol

Decomposition**

products of

polyether polyol

~complex mixture of products (probably hydrocarbons and oxygenated species)

*~.. probably hydrocarbons - see text.
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The overall polymeric isocyanurate of T.D.I. is a complex cross-linked system•

.Carbodiimide formati on involves the .linking of .two. i.socy1l;[1a-ite:.groups .w.ith

release of carbon dioxide namely:-

2 R.NCO R-N=C=N-R.' .

.carbodiimide (II)
•• • I • .'

Polymeric carbodiimides have. been repQrted15 in high yields from the"

decomposition of certain urethanes of diphenylmethane diisocyaname'and also

the direct heating of the diisocyana.tte alo::1e.:···

from
I '. ~,

In this report the yeUOw smokes haveexperlmental nitrogen 'contehts be~e:e=,

17 and 17.5 per cent.' Trimeriza.tion of the T~D.i. t6ariisoed~,u~t~ system (I)

would give a polymeric mterialwit.1i a nitrcigenc~htent tile '~am.e &s for" T.D.I~

namely 16.1 per cent. Carbodiimide fomation(II) vibu.ldgeherate a:p~lymer with

a. theoretical nitrogen content 'of 21.5 'per cent , '. The llllkricim'y~ii~ products"

IDalf exist SlS' polymeric IIiateirials(but stiu irolstil~at200 t~300°C)'contai~
both carbodii\nide and isocyanurateii:rure;· proportioned to give an experimenta'i

nitrogen content of around 17 'per cie:Ut. Al'mteria,t of this lci.nd 'b'm{idwkii
explain the observed stability to temperatiires approa:oh{ng 8booC'1L~d~r the
conditions of thi~ report.

. . -()._~~.. '

When heated to temperatures above 800. C cne yellow smok~ decomposes to
give a number of produots with hydrogen oyani.de, and benzom.trile predoJId.natin.g. '
'. .' , '.. . \ .~. . , ~ . .

(Tables 8 ahd 9). There is evidence that t he aromatic ring system is br-oken '.
. , '.'.'.. '~~ ... ' . . . ~. .

in order to pr-ova.de materials such. as the .02 hydrooarbons. a~d pyridin~, but

:retained in the formation of, benzonitrile. Toluene is a minor. product and

smaller in quantity than benzene suggesting. possibly that the observed ben~ene,
. '. . .' .;. ". .':. .' .. '. - .

is reformed in some way, together with pyridine and the C
2

hyd.rocarbons ,

following the cleavage of the az-omat.Lc ring. The ring breakage and subsequent

re-arrangements presumably provide the available hydrogen f'oz- 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 preolude the possibility of the release of

some free T.D.I. which is known to be a highly toxic mteria17• Thi2,

material would not be detected by chromatography under the conditions of this

report and some recent experiments to moni.tor free T.D.I. from the decompositions

of the foams by mass spectrometry have not been conclusive since additional

experiments where free T.D.I. has been introduced (as a solution in t.oluene)

into the mass spectrometer gives a distinct toluene spectrum but no speot:'.-= of

ToD.I. It is thought that the T.D.I. is lost by polymerization inside the

heated inlet system of the mass speotrometer.
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Current work is in progress to overcome the problem of the analysis of

T.D.I. and to monitor the release of the material from the decomposition of

the foam and will be reported shortl~.

Further work, inCluding experimental studies of the composition of the

yellow smokes and studies of the thermal-oxidative decomposition and decomposition

products of the foams will be recorded in future reports.

5. eONC'LUSIONS

(1) At low temperatures (200 to 3000 6) there is a 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 nitrogenof·the original foams. The yellow smokes are

stable under the conditions of this report to 7500 e.
(3) Nitrogen-containing materials of small .molecular weight are gen~rated by

the high temperature decomposition of the yellow smokes. The observed products

from the high temperature decompositions of the foam and equivalent weights

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

(4) When decomposed at 8000 e the foams (or equivalent amounts of yellow smokes)

produce hydrogen cyanide, acetonitri+e, acrylonitrile, pyridine and

benzonitrile as the main nitrogen-containing products. At 9000 e, all of

these 5 products are formed but hydrogen cyanide and benzonitrile predominate.

At l0000 e, hydrogen cyanide is virtually the only nitrogen containing product.

At this temperature (1000oe) approximately 70 per cent of the available

nitrogen has been recovered as hydrogen cyanide.

(5) If decomposed at temperatures in exoess of 10000 e, it is suggested that

virtually all of the nitrogen oontents of the foams may be released as

hydrogen oyanide.
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7 ,APPENDIX

a) Appendix 1. Integrator counts (arbitrary units) for the product" from the thermal decomposition of'

polyester yel10w produC't (2.5 mg) amd foam (10 mg) for the calculations of Table 8.

, , , , 1

Yellow Product Foam

Material Peak DetectorLetter
8000e 9000e 10000e 8000e 9000e 1OO00e

e2 hyd.rocarrbons c, d FaIoD. 1079 (3)* 1647 (3) 3923 (2) ./J - -

hydrogen cyanide g ToCoD. 1409 (1 ) 8490 (1) 2879 (2) 2085 ( 1) 1494 (2) 3242 (2)

acetonitrile j F.IoD. 1367 (2) 2226 (2) 1000 (2) 2709 (2) 5042 (2) 1818 (2)

aerylonit rile k "F:oI.D. 1060 (2) 2277 ( 2) 3738 (1) - - -
",

benzene n F .r.n, 1300 (2) 1601 (3) 2204 (3) ~, - -
pyridine r FoI.D. 8348 (1) 4531 (2) 3091 (1) .«i,:'Ji,: - -
toluene s F .IaD. 8685 (.h)h 1200 (2) 5000 (0) - - -
benzonitrile x F.IoDo 4046 (2) 1771 (3) 5947 (2) 1199(3) 3001 (3) 7276 (2)

* number in brackets denotes the powers of ten; for example 1079 (3) = 1079000 arbitrary units

~ not measured due to polyol interference
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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.

,
Yellow product Foam

Material Peak DetectorLeUer
8000e gOOOe 10000e 8000e 9000e 10000e

e2 hydrocarbons c,d F.I.D o 7467 (2)* 7806 (2) 5385 (2) .P - -

hydrogen cyanide g T.e.D o 1203 (1) 7435 (1) 2860 (2) 2885 (1) 1271 (2) 2734 (2)

acetonitrile j For.D. 171 7 (2) 2045 (2) 1197 ( 2) 2879 (2) 4013 (2) 1949 (2)

acrylonitrile k F.I.D o 1228 (2) 2098 (2) 4437 (1) - - -
benzene n F.I.D. 1412 (2) 8443 ( 2) 2247 (3) - - -
pyridd.ne r F.I.D. 7274 (1) 2569 ( 2) 1569 (1) - - -
toluene s F.I.D. 1034 (2) 1377 (2) 7500 (0) - - -

.

benzonitrile x F.loD o 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

p not measured due to polyol interference
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