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CORRELATIONS OF HYDROGEN CHLORIDE AND HYDROGEN CYANIDE
CONCENTRATIONS EVOLVED DURING COMBUSTION OF
CHLORINE- AND NITROGEN-CONTAINING MATERIALS

By Maria |. De Rosa®

ABSTRACT

The U.S. Bureau of Mines conducted a study to determine if correlations exist between the chloyine
or nitrogen contents of materials and the hydrogen chloride (HCI) or hydrogen cyanide (HCN) con-
centrations evolved during the thermal decomposition of these materials. Hydrogen chloride, hydrogen
cyanide, and carbon monoxide (CO) were found to be the primary toxic gases evolved during the
combustion process.

The experiments were carried out in a 20-L furnace with 1-g samples. The furnace temperature,
rising from ambient, was set at 1,000 °C with an airflow of 10 L/min. The variables measured were the
gas loads (milligrams per gram) of HCl, HCN, CO, and CO, (carbon dioxide); CO and CO,
concentrations as a function of time were also measured.

Other variables included the average concentrations of submicrometer smoke particles and particles’
average diameter, mass of particulates, sample and furnace temperatures, and sample weight loss,

The data indicate that there are significant correlations between the percentage of chlorine or
nitrogen contained in the original samples and the HCl or HCN concentrations evolved during the com-
bustion of the materials. These correlations may be used to predict and evaluate a material’s toxic
hazard during combustion.

ndustrial hygienist, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

Within the mine health and safety program, the U.S.
Bureau of Mines (USBM) continues its studies of belt
materials’ properties during combustion to prevent mine
fires and fire fatalities. The atmosphere produced by a
fire is a dynamic, rapidly changing combination of toxic
gases, particulates, reduced oxygen (O,), and high tem-
peratures. In this atmosphere, visibility is generally low.
Each component of this combination is capable of pro-
ducing conditions that are incompatible with human life.
As statistics (Z)? have shown, the majority of fire fatalities
results from smoke inhalation, prolonged by the inability
to escape because of poor or nonexistent visibility, and not
from burns. Therefore, the identification of the hazardous
combustion products, evolved from materials under dif-
ferent fire conditions and times, is important.

During a fire, irritant [hydrogen chloride (HCI)] and
asphyxiant [hydrogen cyanide (HCN) and carbon monoxide
(CO)] gases may be present. Irritant gases produce
sensory irritation of the eyes and of the upper respiratory
tract, and pulmonary irritation. Most irritants produce
‘'signs and symptoms characteristic of both sensory and
pulmonary irritation (2-3).

Hydrogen chloride gas concentrations of 100 ppm are
immediately dangerous to life and health (IDLH). At this
concentration, a breathing apparatus must be used; in case
of apparatus failure, a person may escape within 30 min
without ill effects (4). The gas has been implicated as
the principal contributor to the overall toxicity during
the thermal decomposition of polyvinyl chloride (PVC)
materials. Other gases and/or aerosols evolved have been
found to contribute only to a small extent to the overall
toxicity (35).

Exposure to HCI causes impairments of the respira-
tory function and morphological injury, both in the upper
airways and in the alveolar region (6-7). Studies on the
evaluation of human performance, in terms of distance and
time traveled, under atmospheres containing HCl, CO,
and low O, concentrations, have shown deterioration of
performance (8). Hydrogen chloride and carbon mon-
oxide gases have been found to act in an additive manner
(9). Also, animal studies have shown that the time and
concentration values of HCI that cause incapacitation are
not significantly different from those causing death (9).

Hydrogen cyanide (IDLH value, 50 ppm), which evolves
from the combustion of nitrogen-containing materials, is
a very rapidly acting toxicant whose action inhibits the uti-
lization of O, by cells (10). The effects of the asphyxiant
increase in severity with increasing doses and exposure
time (11-14). Furthermore, in a fire in which a person is
first intoxicated by HCN, the subsequent release of CO
may produce both sublethal and lethal concentrations of
CO in the blood (15). Hydrogen cyanide and carbon mon-
oxide gases have been found to act in an additive manner
(16).

Finally, CO (IDLH value, 1,500 ppm), which evolves
from the combustion of all organic materials, shows great
affinity for the hemoglobin in the blood. Even partial con-
version of hemoglobin to carboxyhemoglobin (COHDb)
reduces the O,-transport capability of the blood and re-
sults in a decreased supply of O, to body tissues (17-19).
Carbon monoxide concentrations of 70, 100, 300, 500, and
900 ppm cause, respectively, COHb saturations of approxi-
mately 11, 14, 33, 45, and 60 pct. The increase in COHb
of 9.1, 16, 20, 40, and 50 pct saturation produces, re-
spectively, frontal headache, abnormal response, nausea,
severe headache, and coma (20-21).

Previous USBM studies (22-29) have shown that HCI
and HCN gases evolve during the combustion of materials
containing chlorine and nitrogen; many of these materials
are found in underground mines. In this study, the USBM
set out to determine if correlations exist between the HCI
and HCN concentrations (treated as load values) in com-
bustion products and the percentage of chlorine and ni-
trogen contained in the original samples. These gases,
together with CO, have been found to be the primary gas
toxicities evolved during the combustion of these types
of materials (6, 14). These correlations may be used to
evaluate and predict the potential toxic hazard of chlorine-
and nitrogen-containing materials during a fire. Also, the
quantification of CO, CO, (carbon dioxide), submicrom-
eter smoke particles [on whose surfaces gases adhere and
whereby the toxic agents are carried deeper into the lower
respiratory tract (30-32)], and mass of particulates [which
lodge with their carcinogenic agents into the respiratory
and digestive tracts (33)] can contrxbute to the evaluation
of a material’s toxic hazard.

BACKGROUND

When a material undergoes combustion, a complex
mixture of airborne solid and liquid particulates, and gases

2Italic numbers in parentheses refer to items in the list of references
at the end of this report.

is evolved. In all fires, combustion is maintained by the
reaction of the O, in the air with combustible gases,
produced from the thermal decomposition of burning ma-
terials. During the process, heat, ash, and light are



released. Many common materials, both natural and syn-
thetic, contain halogens, nitrogen, sulfur, carbon, and
hydrogen. When these materials are burned, HCI, HCN,
HF (hydrogen fluoride), HBr (hydrogen bromide), CO,
NO, (oxides of nitrogen), SO, (sulfur dioxide), and NH,
(ammonia) are formed (34).

Analyses of real-fire atmospheres have been conducted
using portable smoke-sampling devices. The results of
these analyses confirm that combustion products are pro-
duced in sufficient concentrations to create toxicologically
hazardous environments (35-36).

Mounting concern over the contribution of materials to
the hazards of smoke has resulted in an accelerated de-
velopment of the science of combustion toxicology. Prob-
lems arise when the toxicities of mixtures of particulates
and gases, whose compositions change as rapidly as the
combustion process and ambient conditions, have not yet
been identified.

At the present time, the standard methods used to
assess the smoke toxicities of materials are bioassay meth-
ods, supplemented with analyses of primary toxic gas con-
centrations (37). In the bioassay methods, the toxicity of
the smoke is evaluated on the basis of laboratory animals’

response (lethality and/or incapacitation) to the smoke.
The time and concentrations of primary toxic gascs, at
which death and/or incapacitation occur, and the amount
of material that yields those concentrations differentiate
one material from another. It derives that each material
needs to be evaluated by bioassay method even if its con-
tent does not vary from a previously tested material be-
cause of the lack of correlations between the primary toxic
gases evolved during the combustion of materials and the
chemical contents of those materjals. This methodology
leads to unnecessary and expensive experimental-analytical
repetitions.

The intent of this study is to simplify the process by
classifying materials according to the prevalent chemical
content in the original sample and by correlating the
percentage of the material’s chemical content with the
primary toxic gas concentrations evolved during the com-
bustion of these materials. Therefore, materials falling in
the same class may be ranked simply and inexpensively,
both according to the percentage of their chemical con-
tents and according to the primary toxic gas concentra-
tions evolved during the combustion of those contents.

EXPERIMENTAL SYSTEM

The experimental system (figure 1) consists of a 20-L
furnace whose temperature rises from ambient at a rate
that depends on the set temperature. In the experiments
described herein, the furnace, set at 1,000 °C, reached a
maximum temperature of 620 °C at the 20th minute
(figure 2). A load cell, located under the furnace floor,
contacts a quartz sample-cup (2.5-cm-diam) pedestal via
an opening at the center of the furnace floor and transmits
the sample weight loss (voltages) via a bridge amplifier to
a data acquisition system. The total sample weight loss is
also verified by sample weighing. The sample and furnace
temperatures (monitored by thermocouples), and the
output (voltages) of the submicrometer smoke particle
detector analyzer (SPDA) (38), which measures the aver-
age submicrometer smoke particle concentration (n,), and
particles’ average diameter (d,) are also transmitted to the
data acquisition system. The data, logged in 10-s intervals,
are mathematically treated, displayed, and printed by
means of a miniframe computer via a laboratory-based
real-time data acquisition system.

During the experiments, an exhaust pump draws ambi-
ent air, at a constant rate of 10 L/min, into the furnace
(via an opening at the center of the furnace door) for a
20-min duration. This duration was chosen because all the
samples, with exception of the fiberglass brattice (F1)

(containing 90 pct of inorganic materials), underwent com-
plete thermal decomposition during this time; only ash-like
residues remained.

During one set of experiments, the combustion air is
directed through a quartz tube located in the upper back
of the furnace into a filter-cassette. The filter is con-
nected to two consccutive impingers, each containing
15 mL of sodium or potassium hydroxide gas-trapping
solutions (0.01 pct), to recover the HCI or the HCN in the
gascous forms, respectively. During a second set of ex-
periments (no filters and no impingers arc used), some of
the combustion air is directed into the SPDA; the re-
maining combustion air is directed into a plastic sampling
bag.

The directing of the combustion air into the filter-
cassette (first set of experiments) and into the SPDA
(second set of experiments) begins at a sample tempera-
ture of approximately 150 °C (no appreciable gas concen-
trations evolve at lower temperatures); with the present
system, this temperature is reached at about the seventh
minute into the experiment. Also, syringe grab samples of
combustion air are taken from the sampling port at 1-min
intervals and from the sampling bag at the end of each
experiment.
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EXPERIMENTAL PROCEDURE AND DATA REDUCTION

CHLORINE-CONTAINING MATERIALS

Two sets of experiments with five different samples
(five experiments in each set) were performed at a sct
furnace temperature of 1,000 °C. The experiments were
repeated to verify the results; because the data were
similar, this study only reports the values measured in the
original experiments.

The samples underwent various stages of combustion
from smoldering through flaming and ashing. The mate-
rials used were 1-g samples of PVC (P1), neoprene (N1),
and styrene-butadiene rubber (SBR) (S1) mine conveyor
belts; also used were 1-g samples of PVC (B1) and fiber-
glass (F1) mine brattices. A description and analysis of
the materials are reported in table 1. The chlorine content
of the materials was determined by the American Society
for Testing and Materials (ASTM) test method D4208,

Table 1.—Description and analyses of materials

Chilorine or
Materials Description nitrogen,
pct
CHLORINE-CONTAINING

Conveyor belt:

Pi.......... Derived from PVC polymer; 23
fillers have been added.

Nt .......... Derived from neoprene rubber 1
polymer; fillers have been
added.

81 .......... Derived from SBR polymer; D1
untreated for fire retardancy.

Brattice:

Bl .......... Derived from PVC polymer; 28
fillers have been added.

[ I Fiberglass (>90 pct) fibers; 5
treated with chlorinated
additives for fire retardancy.

NITROGEN-CONTAINING
Flexible polyurethane
foam:

[ Derived from toluene di- 4,79
Isocyanate; treated with
chlorinated additives for fire
retardancy.

Pn.......... Derived from toluene di- 4,78
isocyanate; untreated for fire
retardancy.

Ny ... e Derived from polymerization 11.46
of amino acid; untreated for fire
retardancy,

Wi Wool tinted fabric; untreated 13.25
for fire retardancy.

Cb............ Derived from natural fiber; treat- 0.24

ed with chlorinated additives
for fire retardancy.

During the first set of experiments, the combustion air
was directed into a filter cassette to recover the HCI
attached to smoke particles (aerosol form), and the mass
of smoke particulates. The HCI concentrations (recovered
by the U.S. Environmental Protection Agency (EPA), test
method 26) were analyzed by ion chromatography (Nation-
al Institute for Occupational Safety and Health (NIOSH),
test method 7903 for hydrochloric acid). The HCl aerosol
and gaseous concentrations yielded the HCI load values
(milligrams per gram or grams per gram of initial sample),
Equation 1 converts the HCI load values to parts per
million in a ventilated system:

Yo X M,
ppmHCl = _HA ¢ &)
Q X Cyy
where Yo = load value of HCI, g/g,
MS = sample mass loss rate, g/s,
Q = volumetric airflow, m®/s,
and Cyc = conversion constant (1.63 x 1073,
—E& )
m3 x .
ppm

In the ventilated system used herein, the mass loss rate
is the average mass loss occurring during approximately
600 s; no appreciable mass loss occurs before the 10th
minute. The mass of smoke particulates was also treated
as load value (milligrams per gram of initial sample).

During the second set of experiments, some of the
combustion air (1.6 L/min) was directed into the SPDA
and the remaining combustion air was directed into a
sampling bag, The combustion air directed into the SPDA
was used to measure the n, (particles per cubic centi-
meter) and the d, (micrometers). The sum of n,, multi-
plied by a factor of 6.25 (because the airflow exhausted
through the SPDA is 6.25 times less than the airflow
exhausted through the furnace), yielded the n, load values
(particles per gram)., The smoke particle characteristics,
n, and d,, were derived as discussed in previous reports
(22-29).

Syringe grab samples of combustion air taken at 1-min
interval from the sampling port, were analyzed for
concentrations of CO (parts per million) and CO, (parts
per million) by gas chromatography. Syringe grab samples
from the sampling bag were analyzed by gas chroma-
tography for concentrations (treated as load values) of
CO (milligrams per gram) and CO, (milligrams per



gram). The CO load values were normalized to HCI
values, by dividing each CO value by a factor of 15 (CO
IDLH value = 1,500 ppm; HCI IDLH value = 100 ppm)
because CO is at least 15 times less toxic than HCI, and
combined with the HCI load values (combined load,
milligrams per gram). Other variables measured were the
sample and furnace temperatures (degrees Celsius), and
sample weight loss (grams). Only the total weight loss
values are reported in this study.

NITROGEN-CONTAINING MATERIALS

Two sets of experiments with five different samples
(five experiments in each set) were performed at a set
furnace temperature of 1,000 °C. The experiments were
repeated to verify the results, and the data are reported in
the same manner described for the chlorine-containing
materials. The samples used were 1-g of flexible
polyurethane foams treated (Pr) and untreated (Pn) for
flame retardancy, nylon (Ny) and wool (WI) fabrics, and
cotton batting (Cb) treated for flame retardancy. A
description and analysis of the materials are reported in
table 1. The nitrogen content of the materials was
determined by the ASTM test method D3179,

During the first set of experiments, the combustion air
was directed into a filter cassette to recover the HCN
attached to smoke particles (acrosol form) and the mass
of smoke particulates, and into solution-containing im-
pingers, as described above. The HCN concentrations
were analyzed by ion chromatography (NIOSH test meth-
od 7905 for cyanide).

The HCN aerosol and gaseous concentrations yiclded
the HCN load (milligrams per gram or grams per gram of
initial sample). Equation 2 converts the HCN load values
to parts per million in a ventilated system:

Y x M
ppm HCN = _ﬂ__s’ #))
Q X Cyen
where  Ypeony = load value of HCN, g/g,
and Cycn = conversion constant (121 X 1073,
— 8 )
3 .
m” X ppm

The mass loss rate may be derived in the same manner
as described for the chlorine-containing materials. The
mass of smoke particulates was treated as load value
(milligrams per gram of initial sample).

During the second set of experiments, some of the com-
bustion air (1.6 L/min) was directed into the SPDA to
measure the smoke particle characteristics, n, and d,. The
remaining combustion air was directed into a sampling
bag. Syringe grab samples of combustion air taken from
the sampling port and sampling bag were analyzed for CO
and CO, by gas chromatography and treated in the same
manner reported in the procedures for chlorine-containing
materials.

The CO load values were normalized to HCN values,
by dividing each CO load value by a factor of 30 (CO
IDLH value = 1,500 ppm; HCN IDLH value = 50 ppm)
because CO is at least 30 times less toxic than HCN, and
combined with the HCN load values (combined load,
milligrams per gram of initial sample). Other variables
measured were the sample and furnace temperatures
(degree Celsius), and sample weight loss (grams). Only
the total weight loss values are reported in this study.

RESULTS AND DISCUSSION

CHLORINE-CONTAINING MATERIALS

All the samples, with the exception of F1, which con-
tained 90 pct glass fibers, underwent complete thermal
decomposition (table 2). Only friable ash-like residues
remained. The B1 sample, followed by the P1 and N1
samples, released the highest HCl concentrations and
yielded the highest HCl loads (table 3) because of the high
chlorine content of the materials. The concentrations were
mostly in the gaseous form, although measurable aerosol
concentrations were also found.

The HCl load values were correlated with the percent-
age of chlorine contained in the original sample (figure 3)
using a least squares regression analysis.

The fit, reported in equation 3, was found to be:

Yhc (8/8) = 0.00105 X Cl, (pet) + 0.000315.  (3)

The correlation coefficient (1?) = 0.889; the standard
deviation = 1.05.

The validity of the correlation may be increased by
testing a larger number of materials with various chlorine
contents. The present data, however, indicate that a direct
and significant relationship exists between the two param-
eters. The higher the chlorine content, the higher the HCI
load.

Also, the P1 and B1 samples, followed by the N1 sam-
ple, released high concentrations and loads of CO and
CO,, high concentrations and loads of submicrometer
smoke particles (with the smallest diameter), and mass of
particulates (tables 2 and 3, and figure 4). The CO load
values, normalized to and combined with the HCI load
values, increased the toxicity of these materials (table 3).



Table 2.—Oxidative thermal decomposition data for chlorine-containing
materlals at 1,000 °C set furnace temperature

Material' Time, co, CO,, Temp, °C n,, 10° d,, Total weight
min ppm ppm Sample Furnace p/em’ um loss, g
Pl .o i 6 15 500 92 160 10 <0.01 N
7 20 500 128 206 62 <0.01
8 39 500 169 250 109 <0.01
9 42 500 213 291 110 <0.01
10 58 600 254 329 2 0.11
1 157 600 291 367 21 0.08
12 431 800 336 403 4 0.27 0.85
13 965 1,300 382 438 8 0.08
14 1,560 2,300 438 472 37 0.04
15 1,870 3,600 489 505 34 0.04
16 1,010 6,800 541 542 20 0.02
17 568 3,000 589 570 15 0.01
18 502 2,500 628 597 8 0.01
19 304 1,900 600 610 5 0.01
20 175 1,000 580 620 3 0.01 -
[ I 6 16 500 11 157 0 NAap )
7 25 500 149 203 0 NAp
8 28 500 190 247 15 <0.01
9 35 500 231 289 9 <0.01
10 42 500 273 328 62 <0.01
1 127 700 320 366 32 0.01
12 473 800 381 402 40 0.02 Q.75
13 670 1,100 422 437 59 0.02
14 1,111 1,800 464 472 50 0.02
15 1,490 3,600 516 505 35 0.02
16 771 3,400 575 5§35 21 0.02
17 510 3,100 617 564 19 0.02
18 453 3,200 651 591 19 0.02
19 300 2,500 601 600 10 0.01
20 150 1,800 585 619 5 0.01 ~
S1 ........ cens 6 10 400 105 160 0 NAp ™
7 20 400 142 205 0 NAp
8 39 400 183 249 3 <0.01
9 50 400 228 280 9 <0.01
10 58 400 279 379 5 0.04
11 87 400 310 366 10 0.07
12 245 500 342 402 32 0.04 0.80
13 1,270 17,600 380 436 67 0.03
14 404 17,500 467 481 98 0.01
15 203 10,900 520 517 5 0.05
16 235 2,700 544 542 15 <0.01
17 274 2,600 578 568 20 <0.01
18 316 2,500 605 593 3 0.03
19 200 1,500 590 600 2 0.02
20 105 1,002 550 615 1 0.01 /
Bl ......... . 6 14 600 107 172 0 NAap )
7 14 600 142 218 0 NAp
8 19 600 184 261 1 0.05
9 30 600 218 301 1 0.38
10 103 700 238 340 2 0.30
11 336 - 900 269 378 41 0.05
12 822 900 314 414 182 0.02 0.98
13 1,310 1,200 384 449 62 0.04
14 1,290 1,600 470 483 383 0.03
15 1,450 2,400 520 515 441 0.01
16 785 2,600 561 545 29 0.06
17 581 2,200 604 572 2 0.12
18 541 2,100 637 599 0.3 0.15
19 320 1,500 600 610 0.20 0.10
20 190 1,100 580 621 0.10 0.10 p

See explanatory notes at end of table.
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Table 2.—Oxidative thermal decomposition data for chlorine-containing
materials at 1,000 “C set furnace temperature—Continued
Material" Time, Co, Co,, Temp, °C n,, 10° dg Total weight
min ppm ppm Sample  Fumace  P/e™’ #m loss, g
F1 s 6 14 500 106 163 0 NAp Y
7 19 500 144 208 0 NAp
8 25 500 186 252 0.01 0.33
9 38 500 231 293 0.07 0.68
10 87 500 276 333 0.15 0.93
11 187 600 323 37 0.45 0.38
12 213 700 370 407 0.11 0.27 f 0.2
13 211 900 417 442 0.66 0.64
14 64 700 459 476 0.01 0.47
15 77 800 492 507 0 NAp
16 189 1,200 521 537 0 NAp
17 261 2,400 550 566 0 NAp
18 100 1,500 579 593 0 NAp
19 50 1,000 550 600 0 NAp
20 25 700 500 617 0 NAp
d Average diameter of submicrometer smoke particles,
n, Average concentration of submicrometer smoke particles.
NAp Not applicable.
14.g sample.
Table 3.—Toxlc load data for chiorine-containing materlals at 1,000 °C set furnace temperature
Material' HCI, mg/g CO, mg/g Combined, CO,  Mass of partic- n,,% 10° dg,® um
Aerosol _Gaseous _ Tota®  Total Normalized® mg/g mg/g  ulates, mg/g  p/g
Pl ...... 26 16.7 18.3 78 5.2 23.5 3734 8.53 3 0.05
N1 ..., 1.4 15.23 16.63 59 3.93 20.56 2945 4,73 2 0.01
S1..... . 0.01 0.06 0.07 44 2,93 3 629 8.16 2 0.02
B1...... 0.02 334 33.42 90 6.0 39.42 334.1 37 7 0.09
F1...... 0.01 4 4.01 12 0.8 4.81 118 0.03 0.01 0.29

dg Average diameter of submicrometer smoke particles.

n, Average concentration of submicrometer smoke particles,
11.g sample.

2Contains aerosol and gaseous loads.

3Carbon monoxide load values normalized to HCI values; each CO value has been divided by a factor of 15 because CO Is at least 15

times less toxic than HCI.
4Contains total HCI and normalized CO loads.

The n,, load values are the sum of n, multiplied by a factor of 6.25 because the total airflow through the furnace is 6.25 times greater

than the airflow through the SPDA.

“The d, average size values are the sum of the d, values divided by the experimental time.

By contrast, the lowest HCI concentrations, yielding the
lowest HCI loads, were released by the S1 sample, fol-
lowed by the F1 sample. This is attributed to the low
content of chlorinated additives in the materials. The S1
sample, however, released the highest CO, concentrations
and loads, and high concentrations and loads of CO. The
CO load value, normalized to and combined with the
HCI load value, increased the toxicity of the S1 material,
Also, the S1 sample released high concentrations of sub-
micrometer smoke particles and mass of particulates. On
the other hand, the F1 sample released extremely small
concentrations of CO and CO,, small concentrations of
submicrometer smoke particles (with the largest diameter),
and mass of particulates.

Equation 1 may be used to predict the mass loss rates
in a given ventilated system necessary to produce 100 ppm
of HCl. Rearranging equation 1, equation 4 is derived:

N - (100) x (Q) x (Cucy

- @

Yua

Substituting equation 3 into equation 4 for Yy, (grams
per gram), equation 5 is derived:

o (100) x (Q) x (Cygy)
$  0.001054 x CI, (pct) + 0000315

®)

As shown in figure 5 for the B1 sample (Cl, = 28 pct,
as reported in table 1), the mass which needs to burn in a
ventilated system with 4.7 m*/s of airflow to produce
100 ppm of HCl is 26 g/s.
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Hydrogen chloride load versus chlorine content of materials
at 1,000 °C set furnace temperature.

NITROGEN-CONTAINING MATERIALS

All the samples underwent complete thermal decom-
position (table 4); only friable ash-like residues remained.
The Pr, Pn, and Ny samples, however, decomposed much
more rapidly (dripping flaming droplets). The W1sample,
followed by the Ny, Pr, and Pn samples, released the high-
est HCN concentrations (mostly in the gaseous form) and
yielded the highest HCN loads (table 5) because of the
high nitrogen content of the materials. The HCN load
values were correlated with the percentage of nitrogen
contained in the materials using a least squares regression
analysis (figure 6).

The fit, reported in equation 6, was found to be:

Yien (8/2) = 0.000131 X N (pet) + 0.000127. (6)

The correlation coefficient (r%) = 0.89; the standard de-
viation = 1.02.

The data indicate that a direct and significant rela-
tionship exists between the two parameters, The higher
the nitrogen content, the higher the HCN value.

Also, Pr and Pn samples released very high concen-
trations and loads of CO and CQ,, submicrometer smoke
particles (with a very small diameter), and mass of par-
ticulates (tables 4 and 5, and figure 7). The CO load

Figure 4
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Carbon monoxide and average submicrometer smoke
particle concentration loads, and pariicles’ average diameter
size for chlorine-containing materials at 1,000 °C set furnace
temperature. (d, = average diameter of submicrometer
smoke particles; n, = average conceniration of sub-
micrometer smoke particles.)
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Hydrogen cyanide load versus nitrogen content of materials
at 100U °C set furnace temperature.

values, normalized to and combined with the HCN load
values, increased significantly the toxicity of these samples
(table 5).

By contrast, the lowest HCN concentration, yielding
the lowest HCN load, was released by the Cb sample.
This was expected, based on the low nitrogen content
of the material. This material also released modest
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NITROGEN-CONTAINING MATERIALS

Carbon monaxide and average submicrometer smoke
particle concentration loads, and particles’ average diam-
eter for nitrogen-containing materials at 1,000 °C set fur-
nace temperature. (d, = average diameter of submicrometer
smoke particles; n, = average concentration of submicrom-
eter smoke particles.)

concentrations and loads of CO and CO,, submicrometer
smoke particles, and mass of particulates. Equation 2 may
be used to predict the mass loss rates in a given ventilated
system necessary to produce 50 ppm of HCN. Rear-
ranging equation 2, equation 7 is derived:

N < (50) x (Q) x (CHCN).

s

™

Yyen



Table 4.—Oxidative thermal decomposition data for nitrogen-containing
materlals at 1,000 °C set furnace temperature

11

See explanatory notes at end of table.

Material! Time, co, co, Temp, °C n, 10° d,, Total weight
min ppm ppm Sample Furnace p/cm’ p#n loss, g
Pro...oocvivenns 6 12 600 139 162 0 NAp N
7 16 700 184 207 0 NAp
8 28 700 230 250 0 NAp
9 129 1,000 278 292 2 0.40
10 466 1,200 316 332 17 0.10
11 1,511 1,700 331 370 212 0.02
12 2,070 2,200 369 407 668 0.01 0.98
13 1,820 2,600 441 446 108 0.90
14 906 2,600 535 482 1 0.30
15 717 1,800 538 509 8 0.01
16 318 1,800 549 537 8 0.01
17 284 1,800 577 570 2 0.14
18 242 2,100 611 597 3 0.11
19 180 1,500 600 605 2 0.10
20 100 800 587 619 1 0.10 ~
Pn..oovivninnn 6 9 600 139 162 0 NAp h
7 15 500 180 210 0 NAp
8 25 500 225 256 0 NAp
9 73 600 270 296 2 0.30
10 333 1,000 310 337 18 0.10
11 931 1,500 365 374 220 0.01
12 2,220 2,300 360 409 650 0.01 0.98
13 2,250 2,000 445 441 100 0.90
14 933 2,200 530 474 2 0.26
15 760 1,100 539 504 6 0.01
16 384 1,300 550 534 7 0.01
17 284 1,900 570 569 1 0.14
18 242 2,000 610 590 2 0.10
19 145 1,300 600 600 i 0.10
20 90 700 585 620 1 0.10 J
Ny .cooovninn 6 10 5§00 99.5 158 0 NAp )
7 18 500 137 203 4 <0.01
8 25 500 176 247 3 0.05
9 32 500 216 288 2 0.18
10 62 600 237 327 1 0.22
i1 364 800 267 364 5 0.04
12 1,600 1,400 313 402 4 0.11 ,5 0.99
13 2,200 2,100 376 436 21 0.04
14 1,700 2,400 468 470 56 0.03
15 1,150 2,500 520 502 67 0.02
16 507 2,000 575 532 12 0.07
17 383 2,100 620 560 4 0.10
18 293 2,000 645 587 3 0.10
19 190 1,300 620 600 2 0.10
20 99 800 600 619 1 0.10 /
W ooooo e 6 10 500 105 157 0 NAp ™
7 20 500 141 203 0 NAp
8 52 500 186 246 0 NAp
9 66 600 237 288 0.08 0.81
10 119 700 270 328 1 0.26
11 212 1,000 312 367 29 0.05
12 415 1,600 345 402 182 0.01 0.97
13 540 1,700 386 437 156 0.01
14 695 2,000 432 473 149 0.01
16 554 2,100 474 503 40 0.04
16 396 2,000 512 533 4 0.12
17 243 1,900 550 561 3 0.12
18 185 1,900 590 589 3 0.11
19 100 1,000 550 600 2 0.10
20 75 700 540 620 1 0.10 -
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Table 4—Oxidative thermal decomposition data for nitrogen-containing
materlals at 1,000 °C set furnace temperature—Continued

Material! Time, co, CO,, Temp, °C n, 10° dg Total welght
min pPM ppm Sample  Furnace p/om’ sm loss, g
Cb..covvvrnnnn 6 10 500 142 162 0.23 028
7 15 500 186 208 2 0.02
8 28 700 233 251 5 0.04
9 48 600 279 293 22 0.04
10 80 700 324 332 41 0.03
11 151 800 380 369 129 0.02
12 611 1,400 450 406 133 001 > 0.86
13 499 1,300 485 440 113 0.02 ‘
14 424 1,400 514 471 89 0.02
15 478 1,700 547 502 66 0.02
16 558 2,000 574 533 56 0.02
17 499 2,200 595 561 56 0.02
18 316 1,600 624 589 49 0.03
19 210 1,000 600 600 29 0.02
20 150 700 590 620 10 001

d, Average dlameter of submicrometer smoke particles.

n, Average concentration of submicrometer smoke particles.

NAp Not applicable.
14.g sample.

Table 5.—Toxic load data for nitrogen-containing materials at 1,000 °C set furnace temperature

Material! HCN, mg/g CO, mg/g Combined,* CO,,  Mass of partic- n,5 10° dg® um
Aerosol Gaseous Total®?  Total Normalized® mg/g mg/g  ulates, mg/g P/9
Pr ...... 0.0005 0.425 0.426 115.4 3.85 4,28 354 53 6 0.15
Pn...... 0.005 0.420 0.425 110.0 3.67 4.1 432.3 ] 6 0.14
Ny ...... 0.007 1.125 1.132 52.4 1.75 2.88 216.2 5.6 1 0.07
Wh...... 0.018 1.85 1.87 36.6 1.22 3.10 275.1 6.9 4 0.12
Cb...... 0.002 0.03 0.032 43.3 1.44 1.47 235.8 3 5 0.04

d; Average diameter of submicrometer smoke particles.

n, Average concentration of submicrometer smoke particles.
H.g sample.

“Contains aerosol and gaseous loads,

3Carbon monoxide load values normalized to HCN values; each CO value has been divided by a factor of 15 because CO Is at least

15 times less toxlc than HCN.
4Contains total HCN and normalized CO loads.

5The n, load values are the sum of n, multiplied by a factor of 6.25 because the total alrflow through the furnace Is 6.25 times greater

than the airflow through the SPDA.

The ds average size values are the sum of the ds values divided by the experimental time.

Substituting equation 6 into equation 7 for Yy (grams
per gram) equation 8 is derived:

) (50) x (Q) (Cyyen) ®
$ 0.00131 x N (pet) X 0.000127

As shown in figure 5 for the W1 sample (N = 13.25 pct,
as reported in table 1), the mass which needs to burn in
a ventilated system with 4.7 m3/s of airflow to produce
50 ppm of HCN is 152.8 g/s. Also, figure 5 illustrates the
potential use of the HCI and HCN correlations with the
chlorine and nitrogen contents, respectively (equations 5

and 8). The two curves represent the mass-loss rates of
samples necessary to produce the toxic hazard (IDLH
value) as a function of the chlorine or nitrogen percent-
ages in the original materials. The calculation assumes an
airflow of 4.7 m3/s. At higher airflows, higher mass-loss
rates would be required, while at lower airflows, lower
mass-loss rates would be required to produce the same
toxic levels of either HCl or HCN, What is important to
note is that as the chlorine or nitrogen contents of the
material increase, the mass-loss rates decrease markedly.
This means that a relatively small sample could produce a
high toxicity if the chlorine or nitrogen contents are high.
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CONCLUSIONS

According to these findings, the HCl and HCN con-
centrations (treated as load values), evolved during the
combustion of chlorine- and nitrogen-containing materials,
correlate directly and significantly with the chlorine and
nitrogen contents of the respective materials, The higher
the percentage of chemical contents, the higher the gas
concentrations.

In the case of the chlorine-containing materials, all the
samples (except F1, which contains 90 pct glass fiber) un-
derwent complete thermal decomposition; only ash-like
residues remained. The B1 and P1 samples, followed by
the N1 sample, released the highest HCl concentrations
(mostly in the gaseous form) and yielded the highest HCI
loads because of the high chlorine content of the materials.
Also, these materials released high concentrations and
loads of CO, which significantly increased their toxicity.
Large concentrations of submicrometer smoke particles
(on whose surface HCI droplets attach) and mass of par-
ticulates were also released by these materials. The F1
material released much smaller concentrations of HCI,
CO, submicrometer smoke particles, and mass of particu-
lates and may be considered less hazardous during a fire.
The S1 sample may be considered toxicologically less
hazardous during fire, according to the comparison be-
tween its combined load value and similar values reported
for the P1 and N1 samples; however, the rates at which
the toxic load is released may make this material more
hazardous than the other materials tested.

In the case of the nitrogen-containing materials, all
the samples underwent complete thermal decomposition;
only ash-like residues remained. The Wi sampie, followed
by the Ny, Pr, and Pn samples, released the highest HCN
concentrations (mostly in the gascous form) and yielded
the highest HCN loads because of the high nitrogen con-
tent of the materials.

However, the Pr, Pn, and Ny samples decomposed
much more rapidly (dripping flaming droplets). Further-
more, the Pr and Pn samples released extremely high
concentrations and loads of CO, which significantly in-
creased the toxicity of these materials, Large concentra-
tions of submicrometer smoke particles and mass of par-
ticulates were also released by these materials.

In summary, the correlations developed in this study
indicate that it is possible to determine the primary toxic
gas load values (HCl and HCN) for these two classes of
materials, simply and incxpensively. It follows that the
materials, organized in classes, may be ranked according
to various factors, such as the percentage of the chemical
contents in the original sample, the primary and the com-
bined toxic load values evolved during the combustion of
the materials, and the mass of material that needs to burn
to yield IDLH values in a ventilated system.

Finally, the ranking of all these factors may help mine
safety personnel to differentiate among mine materials
before the materials are brought in the mines.
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