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ABSTRACT

As part of the National Aeronautics and Space Administration's
program for the evaluation of the fire threat posed by exposure of
Space-age materials to various thermal and atmospheric environments,
the Flammability Research Center at the University of Utah has carried
out a detailed study of an aromatic polybenzimidazole (PBI) polymer.
This study included an analysis of the low-boiling, high-boiling, and
solid residue fractions resulting from the pyrolysis and nonflaming
oxidative degradation of PBI polymer at temperatures up to 1020°C.

Both pyrolysis and nonflaming combustion were carried out in a
thermoanalyzer, and the effluent gases were trapped orn a porous polymer
adsorbent. The degredation process was quenched at several intermediate
temperatures, and the volatile products were analyzed using gas chroma-
tographic-mass spectrometric téchnidues‘ ‘The solid residues and the

virgin polymer were characterized by elemental analysis, and the high-

boiling fraction was investigated by chemical-ionization mass spectrometnyéﬁU7@3ﬁ)

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.




INTRODUCTION

Considerable effort has been directed toward the development of
Space-age materials which might be used in the fabrication of alrcraft
interiors wh1ch are resistant ;; Nre. To date the major concern of
those engaged in the development of ff(f-retarded materials has been the
reduction of the 1gnition tendency and é\lowering or the material's
flame propagation rate. Thus, it has been possible to meet existing
code and regulatory requirements pertaining to these two material pro-
pérties; but, in the opinion of the authors, the total physiolegical
and toxicological hazard resufting from combustion processes has not
been defined.

A fire-resistant aromatic polybenzimidazole (PBI) polymer developed to
provide thermal insulation for aircraft fuselages was received from the
Research and Deve]opmenf Divizion of the whittaker'Co;borat1on A
program was designed to characterize this polymer and to 1dent1fy the
products of degradation resulting from pyrolysis, oxidative degradation,
and flaming combustion. '

Special emphasis was directed toward Obtaining a complete material
balance which would serve as the basis for future mechanistic studies
pertaining to modes of po]ymer therwa1 decompos1t10n The qualitative
and quantitative ana]ys1s of the products resulting from fhe material
degradation serves as the basis of anima) bioassay experiments designed

to predict potential physiological and toxicological hazards to humans

during fire exposure.
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MATERIAL

The structure of the polybenzimidazole (PB1) foam used in this study

was assumed to be

H . .
OO
) SN \

with a molecular weight per repeat unit of 308 gms. The foam samples
were postcured at 450°C for 72 hours by the Whittaker Corporation before

they were received by the Flammability Research Center.

EXPERIMENTAL PROCEDURES

Poiymer Characterization

Samples of the PBI foams were ground to a #50 mesh size and dried
at 100°C and 10'6 torr for several days. The ground polymer was stored in

‘@ dessicator; samples were removed from the dessicator prior to analysis.

Elemental Analysis

Carbon, hydrogen, and nitrogen analysis was performed on the PBI
polymer using an F&M Model 185 C, H, and N Analyzer. Tests on compounds
of known composition indicate that routine analyses are reliable to
+ 0.5 percent for carbon and nitrogen and better than + 0.3 percent for
hydrogen. Identically dried samples of the polymer were sent to Schwarzkopf
Microanalytical Laboratories (Woodside, New York) with instructions to

dry the sample under vacuum prior to analysis. A summary of the results




from these analyses are presented in Tahle I along with the theoretical

composition based upon the assumed structure of the repeat unit.

Infrared Analysis

In their recent study, Zhlers et a].] published the infrared
spectra of several polybenzimidazoles. One compound discussed by these
authors (labelled as Polymer 1V), which was supplied to them by the
Whittaker Corporation, had an infrared spectrum almost identical to that
obtained in our laboratory using the KBr pe]Tef techniqUe. The only
signifiﬁant difference between the two spectra was the more intense
0-H stretch in Polymer 1V.

Ehlers et al.l also presented a spectrum of the pyrolyzate that
was obtained by heating Polymer IV to 200°C. The spectrum of the
pyrolyzate clearly showed a more pronounced N-H and a weakened 0-H
Stretching band in comparison wijth the original poiymer. Thus, the
polymer studied herein had an infrared spectrum that closely matched the
spectrum of the 20Q°C pyrolyzate of Polymer IV. This observation shou1dv
not be surprising, since the PBI samples studied were subjected to the

elevated temperature postcure treatment mentioned previously.

Thermoana]ytica] Studfes

Experiments were conducted to determine the effect of the oxygen
content in the samples’ environment upon polymer degradat{on. Samples
of the powdered PBI polymer, 10 + 0.1 mg, were heated at 10°C/min from
ambient to ]OOQ°C in nitrogen, helium, and air environments. A71 gases
used in the thermoanalyzer were checked for purity using gas chromatography
(6C). A gas,fﬁow rate of 160 + 10 m1/min was employed in a1l thermo-‘\

analyzer experiments.

.M:¢
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TABLE 1

ELEMENTAL ANALYSIS OF PBI POLYMER

Percent Composition

Sample as Received
Element Theoretical?

Commercial

FRC ) Laboratory

Analysis Analysisa
Carbon 77.7 77.7 77.9
Hydrogen 4.2 3.8 3.9
Nitrogen 18.1 18.1 18.2
Oxygen 0.0° 0.0 0.0

9Results from Schwarzkopf Microanalytical
Laboratories

bBased upon the structure of the repeat unit.

“Oxygen obtained by difference.




Figure 1 illustrates the thermogravimetric analysis (TGA) traces
obtained from the expe%iments conducted in the air and nitrogenven—
vironments. The results obtained in a helium atmosphere were identical
to those shown for nitrogen and thus are not reproduced here. An
analysis of Figure 1 indicates that the polymer does ﬁot readily release
loosely bound water, and further that there were no observabie'weight—
loss changes below 375°C in the air enviroment. The samp]es'exposed
to an air environment began to decompose slowly at 375°C and degraded
rapidly abeve 500°C. The sample in the air environment was entirely
consumed at 670°C when heated at a rate of 10°C/min. The polymer samples
subjected to heating in the inert environments were stable up to 550°C,
after which they began to lose weight slowly. The heating was discon~-
tinued and the experiments terminated after a temperature of 1000°C was
reached.

The effect of oxygen upon polymer degradation became evident when
the differentia] thermal analysis (DTA) and derivative thermogravimetric
analysis (DTG) tracés illusted in Figures 2 and 3 were examined. The
DTA results indicated that the pyrolysis of the PBI po]ymef was slightly
endothermic, whereas the nonflaming oxidative degradation process was
exothermic and maximized at 570°C. The DTG thermograms also showed
evidence of a maximum at 570°C in both nitrogen and air environments.
-The rate of sample weight ioss was approximately six times greate} dufggg’
oxidative degradation than the rate measured during inert atmosphere
byro1ysis.

The degradatién process in nitrogen was clearly a bimodal process,

with a second maximum occurring at 700°C. The first weight-loss process
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~ Figure 2. The DTA response for PBI in air and
nitrogen environments.
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Figure 3. The DTG response for PBI in air and
nitrcgen environments.
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in an inert environment, represented by the DTG maximum at 570°C,

accounted for only three percent of the total sample weight. Such a

small weight loss could be dye to reactions of terminal end groups or

Toss of a light compound such as hydrogen, followed by -further condensation
of the aromatic polymer baékbone The second weight loss, beginning at

575°C and continuing up to 825°C, accounted for 23 percent of the initial

" polymer weight. This degradation step could also have involved a conden-

sation process and may have resulted in extensive chemical rearrangement,
The analytical scheme used to identify the products resuiting from
polymer thermal degradation appears in Figure 4. An arbitrary division
of the products into Tow-boiling volatiles, hiéh—boi]ing volatiles, and
solid reﬁidues has been made. Low~bo%11ng volatiles are defined as
those compounds which have significant vapor pressure under the conditions
imposed by the apparatus used to desorb components (160°C); the high-
boiling fraction consists of those species that condense at temperatures
above 160°C and coat the inside surfaces of the reaction vessel and
the associated gas transfer Tines; and the solid resid&éiis the material
remaining in the sample holder.
Using the thermoanalyzer and proredures discussed in detail in a
previous publication?, samplies of the PBI polymer were pyrolyzed in
a nitrogen atmosphere at three different temperatures. The DTG results,
shown in Figure 3, suggested that additional experiments were necessary

to differentiate the degradation processes and to identify the products

~ produced during each phase of the decomposition.

In this series of experiments, the polymer specimens were temperature-

programmed. from ambient to 570° .at a heating rate of 100°C/min.
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Beginning at 300°C, the gaseous effluents were trapped for subsequent
analysis. The products were sampled from the time the'thermoandlyzer
reached 300°C until four minutes after the furnace attained 570°C, at
which time the heat source was rercved and the reaction quenched.
Following the analysis of the trapped volatile products, the furnace was
again heated at a rate of 100°C/min up to a maximum of 700°C. Volatile
gases were trapped beginning at 570°C, and the trappinq Was contfnued
for four minutes after the furnace‘attained 700°C. The reactidn"was'_v
again quenched and then reheated at the same heating rate. In the third
experiment the volatile products were collected between 700 and 1000°C
and for a period of four minutes thereafter.

The co]]ection of high-boiling fraction and samples of the solid
residue could not be carried out during the above series of experimenfs
because it would have necessitated disassembly of the furnace and con--
tamination of the remaining sample with air. Therefore, samples of high-
boiling volatiles that deposited on the glass-wool plug at the gas
outlet on the furnace and the solid residue were collected in separate
but identical experiments. The same samp1ebtemperature—programming
procedure was used to insure consistency in the data; FA third expefi— 
ment was conducted to measure the carbon monoxide concentration as a
function of temperafure using the infrared absorption of the C-0
stretch band at 2160 cm™ ).

The prq:edure described above was conducted fodr times for quanti-
tation of tﬁe produtts that are described below. Additional experiments
were performed using different trapping materials and GC column packings

to help identify the volatile pyrolysis products. The results from‘the

-11-




analysis of 1oQ~boi]ing voletile preducts, high-boiling velatiles, and

solid residues are presented in the following subsections. .

' Analysis of Volatiles--Pyrolysis Studies

The volatile products resulting from the pyrolysis of the PBI polymer
were separated using a 3.2 meter long by 4 mm 0.D. stain]ess;sfee] column
containing Chromosorb 103 packing (Johns-Manville o., Denver,vcb1orado).
Additional experiments were conducted using a Chromosorb 101 GC packing
on a column of the same dimensions. Thermal conductivity (TC) and flame

ionization detection (FID) were used in these studies. A compUterized

Hewlett-Packard 5930 dodecapole mass spectrometer system was used for

product separation and identification.2s3

Taule II contains a summary of the volatile products that have been
identified and quantitated from these GC/MS experiments. A totalﬁgf
15 combounds were identified as recorded and the amounts of eaéh com-
ponent that appeared at 300-570°C, 570-700°C, and 700-1000°C are listedv
in Table II. Experiments monitoring carbon monoxide evolution indicated
that the sum of the CO produced from ambient to 1000°C did not exceed
0.1 mg/g of the polymer sénp]e weight.

' According to data presented in Table II, the PBI polymer sample
initially lost 1.8 percent of the total samp]e weight in the form of
water before sampling of the volatile product§ was begun. This water
may be attributed to sampfé—moisture pickup during the experiménta]
program. Between.300 and 570°C the sample Qeight loss, as measured by
the TGA trace, amounted to 3.3 percent of the original samp]e'weight;

between 570 to 700°C and 700 to 1000°C, the samrle weight losses were

13.2 and 10.8 percent, respectively.

-12-



TABLE 1I

SUMMARY OF THE VOLATILE PRODUCTS RESULTING FROM THE PYROLYSIS OF
PBI POLYMER IN NITROGEN AT THREE DIFFERENT TEMPERATURESa

Quantity (mg per gram of polymer)€ \
Compound- Peak? T.E.¢| R.F.9. B S
Number - T et 1
‘ 300 to 570°C | 570 to 700°C |700 to 1000°C
Methane 3 0.05 |0.450 3.5 30. 3.4
Nitrous oxide 5 1.00 10.890 0.84 0.69 5.5
Ehtylene 6 0.96 10.585 -0.29 0.58 0.19
Acetylene 7 0.96* 10.59* 0.0 0.05 0.16
Ethane 8 0.96* 10.590 0.15 0.59 0.002
Cyanogen - 9 0.99* |0.442* 0.012 0.0 0.0
Water 10 0.82 {0.55C 16. 34. 3.8
Propene .. 11 0.98* 10.652 0.23 12. 0.0
Hydrogen cyanide 12 0.99 10.442 0.35 43. 102.
1Acetonitrile 14 0.95*% 10.60* 0.0 1.7 ° 0.2z
Benzene 17 0.90 {0.780 0.57 7.8 0.67
Toluene ] 18 0.95 10.794 0.29 1.3 0.26
Ethylbenzene 19 0.95 10.840 0.27 0.28 0.05
Benzonitrile 21 0.90* {0.895 0.0 10.4 . 0.0
Tolunitrile 22 0.90 ]0.895* 00 0.49. . 0.0 .
Totals 22.5 142.9 116.3
*Estimated

aThe'pyrolysis of three samples with an average weight of 21.6 mg.
bCorresponds to peak numbers in the chromatograms.

éRe]ative trapping efficiencies. : -
dRé]ative response factors for a therma] conductivity detector..

eSamp]e lTost an average of 3.3, 13.2, and 10.8 percent of the total sample weight
during the pyrolysis from 300 to 570°C, 570 to 700°C, and 700 to 1000°C,
respectively. Sample initially Tost 0.39 mg, or 1.8 percent, of the sample weight
in the form of water before sampling of effluents was begun at 300°C.

-13-
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The material balance between the sum of volat1]e products and the
actual weight loss from tte samples of PBI polymer suqqested that high-
boiling volatiles may also have formed as the polymer degraded. The
velatite compounds, 1is.ed in Table I1 [measured by thermogravimetric
techniques), accounted for only 70 percent of the total sample weight
loss which was observed between 300 ang 570°C. The volatile products
measured from the pyrolysis at higher t= emperatures accounted for the

weight Tosses measured by the TGA to within experimental error.

Analysis of Solid Residues--Pyrolysis Studies

The solid residues that remained in the piatinum crucible after ex-
posure to the temperatures of 570°C, 700°C, and 1000°C in a nitrogen at-
mosphere were analyzed for carbon, hydrogzen, and nitrogen content.

Portions of .the remaining bolymeric material were removed from the cruci-
ble after the sample was heated under conditions similar to thosé in the
experiments conducted to quantitate the volatile products. The nonvola-
tile res1dJes formed in these experiments should be identica] to the res-
1dues present after the low-boiling gases from the pyro]ys1s were analyzed.
This data is necessary to determine the elemental composition of the res-
idue and to obtain a material balance between the start1nq material and

the products resu1t1ng from the pyrolysis experiments.

Table III contains a summary of the elemental analvses performed on
the solid residues that formed at 570, 709, and 1000°C. For comparison, --
the elemental composTiion of the orj iginal sample is included in this
table. Due to the hydroscopic nature of the sar ple, water absorption
may account for the presence of trace amsunts of oxygen shown in Fable III.
The composition of the solid residue at 570°C>is nearly identical.to the

-14-




TABLE III

ELEMENTAL ANALYSIS OF THE NONVOLATILE RESIDUES FORMED IN NITROGENZ

Maximum

Percent Composition

Tempsrature RZm??l?:;b
(°C) Carbon | Hydrogen Nitrogen Oxygenc
Original
Sample 100.0 77.7 4.2 18.1 0.0
570 94.0 79.2 3.5 16.8 0.5
700 80.8 84.5 1.3 11.7 2.5
1000 92.4 0.2 6.5 0.9

70.0

9samples  heated at 100°C/min to the specified temperature.

bAs measured by TGA.

“Determined by difference.

-15-




virgin material. At 700°C the residue had lost a substantial amount of
. ‘ hydrogen'and‘nitrogen. This trend was also observed at 1000°C. The
char that remained at 1000°C may have.a structure similar to that of
graphite. If it is assumed that the.oxygen content results froﬁ bound

water, the char structure may have an empirical formula of C]./,NHo 25

~Materials Balance--Pyrolysis Studies

A materials balance was calculated using the quantitativeAdata for
the volatile products listed in Table II and the composition of the
solid residues listed in Table IIl. As shown in Table II, when the
sample of PBI polymer was initially heated, there was a weight loss of
1.81 mg/g between ambient and 300°C as determined from the TGA. _This
weight loss was attributed to the loss of water. |

Table IV includes an overall material balance between the v;rg1n
po]ymer and the sum of vo]atlle products collected between ambient and
1000°C and the solid residue remaining at 1000°C. Out of the total
sample weight Joss of 296.5 mg/g, the volatile products account for
283 mg/g, or 95.4 percent, of the total observed weight Toss. Virtually
all (95 percent) of the carbon content lost froh the sample was recovered
in the form of volatile compounds, but the recoveries of hydrogen and |
nitrogen were only 60 and 66 percent, respectively. It should be noted
that the volatile compourds were trapped on a porous polymer support
at -112°C. Previous studies have shown that the light gases--carbon

' monoxide, methane, hydrogen, and nitrogen-;are not effectively retained

under these conditions.
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TABLE 1V

SUMMARY OF THE MATERIAL BALANCE FOR THE PYROLYSIS OF PBI POLYMER FROM
AMBIENT TO 1000°C

Quantity in mg/g of Sample

Total Weight {Carbon Hydrogen { Nitrogen

Original materjal? 1000.0 777.0 42.0 171.0
Solid residue 699.8 €46.6 . 1.4 45.5
Sample weight loss 296.5 130.4 40.6 125.5

Volatiles recovered 282.9 124.3 24.6 82.9

-----------------------------------------------------------------------------

Percentage of volatiles -
recovered 95.4 95.3 60.6 66.0

Percentage of total
Lk sample accountable - 98.3 99.2 61.9 75.1

ZElemental composition based upon analysis of virgin polymer.
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Using these analytical results, one can draw some conclusions about
the process of PBI .polymer dggradation as a function of sample iemperature.
Below 300°C the sample did not undérgo any visible changes in color or
integrity. The only weight change was attributable to the loss of loosely

~ bound water. Above 570°C the sample began to lose weight mgwe rapidly
as the degradation process accelerated. Figure 5 depicts the éoncentrations
of the major volatile compenents which were éna1ytica11y determined at
570, 700, and 1€00°C. As this figure illustrates, the majbr wéight“;ssses
at 570°C.were in the form of water and methane. The elemental analysis
of the solid residue at 570°C indicated that 20 percent of the hydrogen
content of the virgin material was Tost during this heating period;
hence, it is reasonable that a hydrogen-rich compound such as methane was
observed to be a major product. Hydrogen gas could po§s{b?y be another
product of the early stages of bo]ymer degradation. The loss of methane

» and perhaps hydrogen gas would necessitate the formation of a more condensed
het “ocyclic structure for the remaining sample. A major portion of the
sample weight loss was attributed to the formation of a relatively non-
volatile material, pe%haps oligomeric fragments, from the polymer.

Between 570 and 700°C there was a dramatic increase in fhe formation
of aromatic and unsaturated compounds including propene, acetonitrile,
benzene, and benzonitrile. The solid residue had Jost approximately
70 percent of the originé] hydrogen content at 700°C through the formation
of a substantia}l guantity of methane. As shown in Figure 5, hydrogen cyanide,
water, and methane are the most abundant products at this stage of polymer
degradation._ If any high-boiling volatiles were being formed in the da-

composition process, they were most likely thermally degraded to a more

-18-
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Figure 5. Observed concentrations of mdjor volatile -
products from the pyrolysis of PBI polymer
at three temperatures.
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Qolati]e, Tow molecular-weight species before eécaping from ;he furnace.
'Above 700°C, the shift in volatile products was decidéd]y_towara

more hydrogen-deficient species. At 1000°C, vi?tua]]y none of the hydrogen

and 38 percent of the nitrogen remained in the char, which now possessed a

graphite-like character. Hydrogen cyanide was by far the dominant volatile

product of the thermal degradation process above 700°C,

Analysis of Volatiles--Oxidative Degradation Studies

Oxidative degradation studies were conducted in the thermoana]yzer
using an air environment from ambient to approximately 900°C, at which
point no solid fesidue remained. The volatile products were zone trapped
in two regions: ambient to 570°C and 570 to 9G0°C. The same methods of
trapping, separation, and identification were used as those discussed
previously. -

A summary of the volatile products resulting from oxidative deg-
radation is shown in Table V. A fota] of 11 compounds were identified
and quantitated from these experiments, and the amounts of each component
are listed in mg per gram of original polymer sample. Prior to sampling
of the volatile products, the polymeric material lost approximateiy two
percent of the total sample weight, presumably 1in the form of loosely
bound water. During the sampling period between 300 and 570°C, the PBI
polymer lost approximately 24.4 percent of its original sample weight,
according to the TGA trace.

This corrgsponds to 453 percent of the sample weight loss as
indicated by the TGA curve. Virtually 217 the volatile products were

~in the form oflnitrogen. A comparison of the volatile products resulting

-20-




TABLE v

SUMMARY OF THE VOLATILE PPODUCTS RESULTING FROM THE OXIDATIVE DEGRADATION
' PBI POLYMER IN AIR AT TWO DIFFERENT TEMPERATURES?

. . Quantitye

Compound Peak Number~ | T.E.¢jR.F.9
Anbient to 570°c) | 570 to 900°c?

Carbon monoxide -- -- -- 4.9 16.4
Nitric oxide 2 1.00 0.820 2.4 2.2
Carbon dioxide 4 0.97 10.915 944, 2285.
Nitrous oxide 5 1.00 10.890 4.5 5.5
Cyanogen 9 0.99%]0.600 0.08 0.18
Water 10 0.82 |0.550 149, 149,
Hydrogen cyanide 12 0.99 10.600 0.24 0.25
Acetonitrile 14 0.95*] 0.60* 0.71 0.51
Benzene 17 0.90 {0.780 0.10 0.07
Toluene 18 0.95 §0.794 0.022 0.023
Ethylbenzene 19 0.95 | 0.840 0.025 0.0
Totals 1106.1 2459.1
*Estimated.

“The degradation of two samples
bCorresponds to peak numbers in

“Relative trapping efficiencies.

With an average weight of 9.9 mg.

the chromatograms.

dReIative response factors for a thermal conductivity detector.

®Milligrans of com

techniques.

fPo]ymer specimen lost 24.4
determined by the TGA.

IPolymer specimen lost 75.6
determined by the TGA.

pound produced pef gram of polymer as measured by analytical
percent of the total sample weight during experiment as

percent of the total sample weight during experiment as

hQuantity determined by spectroscopic techniques. See text for details.
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from the oxidative degradation of the PBI polymer (Table I11) clearly
ihdicates that bxygen ir. the sample's environment has reacted with the po]ymer
during heating to give rise to these oxygen-containing compounds. Similar
observations were noted for the decomposition occurring between 570 and

900°C.

Materials Balance--Oxidative Degradation

The quantitative data ﬁfesented in Table V for the low-boiling vol-
ati]es produced from the oxidatiye degradation of PBI polymer allows one
to calculate a material balance for the experiments reported herein: The
reﬁu]ts of these calculations are shown in Table VI. The task of obtaining
a material balance is greatly simplified by the knowledge that all the
virgin polymer was volatizedvby 900°C 1in the oxidative degradation process.
However, since the composition of the solid residue was not Qetermjped
at 570°C, one cannot estimate the material recovery at tris iﬁtermedigte
temperature.

From the data presented in Table V, 1106 mg/g>of volatile products
vere recovered from the oxidative degradation reaction between ambiernt
and 570°C. Seventy-three percent of the total weight of volatile pro-
ducts formed between 570 and 900°C was in the form of oxygen present in
carbon monoxide, nitriﬁ oxide, carhon dioxide, nitrous oxide, andiWatek.

The data in Table VI summarize the mass ba]ahée data for PBI polymer
degraded in an air environment. The recovery of the carbon content
contained in the original polymer was quantitative (108.0 percent)
hydrogen was slightly low (85.7 percent), and only a limited amount of
nitrogen was actually recovered (5.6 percent). If one were to totally

combust PBI polymer, the products of the reaction would be carbon dioxiue,

-22-




‘9ldwes uibuta o siskieue uodn paseq uoi3tsodwod Lejuswa |3,

Y

psusA0d84 3bejuaduay

-- 9°G £°S8 0°801 --
Lv9¢ Lot 0°9¢ 0°6£8 §94¢ padaA0dad sapLielcA
0 0°181 02y 0°LLL 0oat $SO[ ybiam ajdwes
30,006 03 /g ‘|e30L
Bk Rttt DL PRPRP LS Uy Gy e SO S SR ————————
v081L §°G £°81 07209 6642 PaJoA0334 sa3|L3e|op
:3.006 03 04§
Ly8 9y Ll 0°L£¢ 9CtlL Pa43A0d3U4 sa|tle|op
220045 03 /2
0 018l 02y 0°LLL 0001 p( LBLI3IRW |RULBLUO) D,/2
uabAxQ .cmmoxuwz usaboupAHy uogue) jybLaM (ejzo0} .
, abuey aunjeuadus)

ajdwes 30 6/6w up A3tjueny

2,006 ONY 0[S Ly 41V NI ¥3WAT0d 184 40
NOILYQV493Q JAILYAIXO 3HL 404 IONYIVE SIVIYILvW

IA 378YL

-23-



~"vweter,‘and nitrogen gas. Thus, since the conditions in the thermoanalyzer
approach an environment that can supply sufficfent oxygén to the sample
specimen to totally combust the sample, it is not unreasonable to postulate
R that N2 was a major degradation product. Since the analytical procedure
employed in these experiments was quantitative for oxides of nitrogen,
“ amines, nitriles, and ammonia, there seems to be no a]ternate explanat1on
for the Tow recovery of n1trogen than the formation of N Exper1ments
are currently underway to quantitate the amount of nitrogen gas evo]ved

in the oxidative degradat1on of PBI polymer.
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SUMMARY

A summary of the volatile products formed during the pyrolysis

and oxidative degradation of PBI polymer specimens are presented in
Table VII. Many of the saturated and unsaturated hydrocarbons formed

during the pyrolysis experiments were not observed during decomposition

in the oxygen—containing environment. This change in product distribution

is attributable to either a change in the overall polymer degradation

‘mechanism and/or the possibility that the hydrocarbons were acting as a

- fuel source once they were volatized.  Since the DTA curves for the polymer

degradation in nitrogen and in ajr (Figufe 2) were decidedly different

one can conclude that oxygen was reacting with the polymeric sample while
in the solid state. One cannot discount the possxb111ty that some fract1on

of hydrocarbon products was formed in the oxidative env1ronment via the

~ same mechanism as that which occurred in the pyrolysis of PBI polyme: The

temperature of the firstmaximum DTG responses (Figure 3) were coincident.

but the onset temperatures of degradation {Figure 1) differed by more
than 150°C.

Because of the excellent thermal stability exhibited by polyben?
zimidazoles, numerous laboratories have studied the pyrolysis products
of materials with structures related to the PBI used in this study Shuiﬁah
and Lochte" studied polymers posseﬁsing similar structures that had been
subjected:to several different postcuring treatments. The pyrolysis
products were monitored by mass spectroscopy to 950°C and the solid
residues were examined for their elementa) analysis. Although water was
the on]y/519n1f1cant product identified below 550°C, the major volatile
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TABLE VII

A SUMMARY OF THE PRODUCTS FROM PYROLYSIS AND
OXIDATIVE DEGRADATION OF PBI POLYMERS

Quantity (mg/q)

Compound Pyrolysis Oxidative Degradation
300-570°C | 570-700°C | 709-1000°C 27-570°C | 570-900°C
Carbon monoxide 0.0 0.0 0.0 4.9 16.4
Carbon dioxide 0.0 0.0 0.0 . 867. 2152.
Nitric oxide 0.0 0.0 0.0 2.4 2.2
Nitrous oxide 0.84 0.69 5.5 4.6 5.
Water . 16. 34. 3.8 149. 149, ..
Hydrogen cyanide 0.35 43, 102. 0.24 0.25
Cyanogen 0.012 0.0 0.0 0.08 0.18
Methane 3.5 30. 3.4 0.0 0.0
Ethane 0.15 0.59 0.002 0.0 0.0
Ethylene 0.29 0.58 0.19 0.0 0.0
Acetylene 0.0 0.05 0.16 0.0 0.0
Propene 0.23 12. 0.0 6.0 0.0
Acetonitrile 0.0 1.7 0.22 0.71 0.51
Benzene 0.57 7.8 -0.67 0.10 0.07
Toluene 0.29 1.3 0.26 0.02 0.02
Ethylbenzene 0.2/ 0.28 0.05 0.025 0.0
Benzonitrile 0.0 10.4 0.0 0.0 - . 0.0
Tolunitrile 0.0 0.49 0.0 0.0 0.0
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products above this temperature were H Co, CO 4, HZO HCN “and

- NH The authors postulated that water was present, even in we]] cured

3

samples, and most likely reacted at elevated temperatures with the

condensed polymer structure to form a hydroxyimidazole intermediate.

The 1ntermed1ate was believed to readily decompose to form hydrogen

cyanide and a hlthy condensed nitrogen-containing heterocyc]1c residue.
Friedman, Goldstein, and Griffiths studied several polybenzimidazoles

in vacuum up to 1000°C. Tﬁese authors observed higher molecular weight

products as well as the Tighter gases reported by Shulman and Lochte®,

inc]uding:acryIOnitriTe, phthalonitrile, benzene, aniline, and benzonitrile.

Friedman et al.® concluded by suggesting that the observed product dis-

tribution is profoundly altered by the specific method of samp]e pre-

paration and the apparatus used for pyrolysis.

7 A series of 10 polybenzimidazole derivdtives were examinedrin a more
recent report by Ehlers, Fisch, and Powell.l These authors studied the
pyrolysis of several materials to 650°C which had an assumed structure
that was the same as the PBI samples reported here. However, the elemental
analysis of the polymers studfed by Ehlers et-al. contained sevefaT percent
oxygen which, it was believed, resulted from phenoxy-end‘groups and in-
complete pb]ymerization. One polymer, signified at Polymer I;>had a com-
bosition that closely matched the elemental analysis of the_PBI samples
studied here. The data reported for the elemental composition of the
virgin polymer and the solid residues at 550 and 650°C from Polymer I
are compared to results from this report in Table VIII. Although
different heating rates and maximum pyrolysis temperatures were used in
these two studies, both sets of data indicate a similar rise in the per-
centage of carbon and the concurrent lowering of ﬁhevhydrogen and‘nitrogen

content in the solid residue.
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The maJor degradat1on products from Po]ymer I at 550°C were H2, 4’

HCN, CO, NH3, and benzene. At 650°C the maJor gaseous products were H?

HCN, CHQ,_ahd CQ. In the overall degradation process from 27 to 650°C,

hydrogen cjanide was the most abundant volatile product by weight. In the
analysis reported here, tie majoy degradation products at 700°C were H 0,
HCN, CH4, propene, benzene, and- benzon]tr1]e These data most eas11y fit
the degradatxon mechanism proposed by Eh]ers et a] which involves the

thermolyt1c cleavage of a C-N bond:

1 , I1 111
Structure III can further react to form either benzonitrile or hydrogen

cyanide:

111 ——  HCN + "CHAR"

' CN :

The formation of methane and propene most 11ke1y results from the c]eavage
of the aromatlc rings in the polymer backbone. S1nce no vo]at1]e am1nes
or nitrogen heterocyclic compounds were observed as products, it is likely
that structures such as II undergo free-radical reactions and forﬁocon-
densates. This phenomena iias also been proposod in the degradatioo of |

aromatic polymide polymers to explain the lack of nitrogen-containing

o "o]atlle compounds and nonvo]at11e residues possessing a high nitrogen

content .
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Recently, a study on a sefies of - pnlybenzimidazotle po]ymefg was
reported by Tsﬁr;'freiliqh, and Levy7. Volatile products'were monitored
using masé_spectrometriév{echhiques by directly sampling effluents from
a thermdg;avimetric analyzer up to temperatﬁres of 800°C. These authors
reported that thelgaseous composition of the'pyro\ysis products: from
po]ybenzihidazoles roughly corresponds to the data reported by'Shulman
and Lochteu except for the presence of ammonfa. Since these authors
mbnitored;the NH3 concentration by observing the intensity of the m/e 17
(NH3+) ion, there is some uncértainty in thé data due to an intefference
by the 0H+ ion from water. Tgur et a1.7 were unable to monitor ‘the
presence of other gaseous products when exposed to air becausevéf inter-
ferences with gases that are bresent in air.

In conclus{oh, the results presented herein for>PBI ﬁolymer qre'
generally in agreement with reports in the literature on re1ated polymeric
materials. However, unlike mo?t other polybenzimidazoles that -have been
studied, the EBI material supblied by the Whittaker Corporation‘cohtains'
very little oxygen, other than in the form of water, in the po]ymefié
structure. As a consequence, a majority of oxygen-containing compounds
‘reported by others were not detected in this_study. Unlike some reports
in the literature, ammonia was not a major pyrolysis product. The major
volatile product, hydrogen cyanide, is most 1ikely formed in a thermal

cleavage of the imidazole Tinkage.
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