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Sampling and analytical chemistry methods rcutinely used to examine combustion products
from other complex mixtures (e.g., diesel exhaust and tobacco smoke) should be applicable
to gun exhaust due to similarity of constituents. Drawbacks to a thorough chemical Y
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Zach of trhese methods has proven useful in the investigation of the health effects

of mixtures such as diesel exhaust and tobacco smoke. However, at present the ability
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is not pcssible. This is a sericus limitation so the investigation ¢f the toxicology ""

of gun exhaust since it is only through testing of %the mixture that the investigater %

can be confident that observed results are representative ¢ potential interasiiv ~
effects anong chemicals (i.e., additive, synergistic, cor antagenistic). Yenry of &M ,(

the chemicals that have Deern a2t least tentatively identifisd in gun exbeust are scxice- =0 N

s logically well studied compounds (2.g., carbon zonoxide) and evaluetion of the healsh S‘
effects data cn these can provicde an insight into the toxicmogy ef gun exhausz. »r ‘
However, this Single-ccmpound apprecach must be used with caution since possitle inter- iy

| active effects are not taken into consideratior. There is a limited number c¢f sstudies "
: that have investigated the health effects of combined pollutants, but, in general, N Q;
s these have nct proved very useful iz the assessmens of %he soxicclogy of gun 2xiauss. oy &f
Once <he capabllity tC Test zun suCke 25 an insacs nixsurs is developed, then 2 &
wide range of acute and sutcnronic tests shculd te employed, desigzed prizmarily o h =
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—=  Emissions from rifles and large-caliber guns are a complex mixture

of chemical species that have undergone only limited chemical character-
ization and toxicological investigation. The chemicals arise mainly as
a result of the combustion process occurring during the firing of a
round. The process begins with the detonation of the primer mix, fol-
lowed by ignition of the igniter (igniters are only used in large-
caliber rounds) and detuonatien of the propellant, and ending with the
ejection of the projectile from the gun barrel.—- All propellants are
nitrocellulose based -- single-base propellants contain nitrocellulose;
doubis-base propeilancs contain nitrocellulose and nitroglycerine; and
trizle-base propellancs contain nitrocellulose, nitroguanidine, and
nizroglvcarin as the major ingredients.

Available irformation indicates that the major decomposition pro-

ducts in gun exhaust are carbon monoxide, carbon dioxide, hydrogen,

ter, and nizrogen, constituting approximately 99 percent by volume. A
of mincr chemical species have been identified including ammonia,
en oxides, sulfur dioxide, methane, inorganic particulates (lead,
nv, barium, copper, and zinc), and polycyclic aromatic hydrocar-
(of urknown origin). There is a specific lack of information on
orzaniz 2missions in the vapor and particulate phases, including the
contribucion of classes to the total exhaust.> Evaluation of the chemi-
cal charactevization data is complicated the fact that no standard
method exists for producing the exhaust.™ A test environment where tem-
perature, concentration, humidity, background, and other variables can
be accurately controlled is needed. Emphasis should be placed on col-
lecting zasas from the breech compartment since these procducts will in
all likelihocd bde the major source of exposure. The results of these

inves:tigazions can then be correlated with results from field studies, ¢« - -

< PR \, ,_’.“-i" .- .,7‘___._.—»
Recommendations are given for analytical and sampling methods for
chemizal stecies reported to be present or likely to be present in
weipons 3xnaust. The methods selected were chosen because thev have
ogen Itund o 2e vallid for determining combustion products from other

asoline and diesel sxhaust and tobacco snoke®

2 menitoring 2xposure. Ixamples include 'L

a v Illzration followed dv solvent ewzraction and
ArEL > s Sy high-performance liquid chromatographv using
Iliorascence iezsczion for polycyclic aromatic hydrocarbons and carbon
moncxiie ind 1 :3s 3naivsis either bv a portable monitor or bv the use
s sampl2 3ag3 I tatiure samples for subsequent analysis by gas chroma-
T2griTnY ising 3 thermal sconductivity detector.

Thers irs tnr2e orincisal methods for investigating the toxicolszr
52 i IomDL=ex niizurs . vhois-mincture testing, (2) fractionation an:
sucsetuent f2sting ol Iraciions, and ¢2) single-compound testing.

T:szong oD e Jnel2a aixztura s the most desirable since this siau-
.3735 tUmAn 2Tasura nzact-mixzure testing also takes into sccount
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interactive effects between chemicals (i.e., additive, synergistic, or
antagonistic) that can alter the toxicity of single components.

Testing of various fractions can define those components that have
the greatest potential for causing toxicological effects. For cigarette
smoke and diesel exhaust (reference complex mixtures used in the
report), the most commonly investigated fraction is the particulate mat-
ter. Mutagenic evaluation of solvent extracts has shown that a number
of genotoxic chemicals are adsorbed to the particulates. However, the
expression of this mutagenicity in vivo may be curtailed through binding
to or metabolism by physiological fluids and phagocytosis by alveolar
macrophages, and thus caution should be used in extrapolating from in
vitro o in vivo conditions.

= il 2= B

Since a considerable amount of health effects data exists for some
of the more significant chemicals present in gun exhaust (e.g., carbon
monoxide), evaluation of the toxicology data of single compounds can
provide an insight into the toxicology of gun exhaust. 1In addition, a
few studles are available that investigate the interactive effects of
chemicals found in gun exhaust (e.g., carbon monoxide/carbon dioxide and
carbon monoxide/hydrogen cyanide). The results of such studies,
however, must be evaluated with regard to their applicability to gun
exhaust since no or limited (for the two-compound studies), interactive
effeccs are considered. Actual testing of single compounds should
perhaps only be conducted when the results could be used to reformulate
a propellant such that toxic chemical species could be eliminated.
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The principal effect of concern from exposure to gun exhaust is
performance degradation resulting from short, high-level, intermittent
exposures. Therefore, investigations of the chronic toxicity of gun
exhaust ares not recommended. Tests that are recommended include a full
range of acute and subchronic assays with special attention to
behavioral modification. Reproductive effects tests can probably be
limited to males, although the possibility of women being exposad during
training exercises could extend testing to females. The use of nose-
only or nead-only exposure methods seems appropriate since the amount of
zenerzted test mixture mav be small, and these methods eliminate the
ces3izillcr of dermal or oral exposure (through grooming! that can scecur
iurinz vhoLe-2od exposura.

In summary, developing the ability to generate gun exhaust Zor tou-
icsiozical investigations In a manner that simulates human exposure is
7izallv imporzant. Although the testing of fractions of gun exhaust and
the :cnsideration of wha: is known concerning the toxicologv of single
tomoounds sr limized compound interactions are ways o gain an insight
' icology 9f gun 2xhaust, whole-mixture tes:ting is the only

thaz the results encompass the wide ranze of oossible

®
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Standardization of generation arnd :-oillaczion zro-
or gun exhaust {s needed to facilitate both analvtical and tox-
. investigations.
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1. INTRODUCTION AND BACKGROUND

m%"&}

1.1 PURPOSE AND MILITARY OBJECTIVES

i.&': 1

Rifles and large-caliber guns generate exhaust emissions as a
result of combustion of propellant mixtures. Combustion occurs under
high temperature and pressure inside the gun until the projectile is
ejected from the barrel. The exhaust emissions are a complex mixture of
chemical species, similar in many respects to other exhaust emissions
(e.g., diesel exhaust and tobacco smoke) in terms of complexity, but
also probably in terms of potential threat to human health.

A

eE

The rifle and gun are ubiquitous to the military. Every soldier
has had some exposure to weapons exhaust products and some receive
almost daily exposure. When the exhaust is discharged into the enclosed
space of an armored vehicle, a soldier can be expected to inhale signif-
icant quantities of the material prior to removal through the ventila-
ting system.

A ]

- -,

Unfortunately, information about the chemical and toxicological

oo properties of the weapons zxhaust mixture is limited. This is so, in
§3 part, because laboratory duplication of the gun environment, particu-

larly for large-caliber weapons, is an untested but inherently complex
task. In order to efficiently focus research efforts, a literature
evaluation of techniques and methodologies was undertaken.

1.2 LITERATURE REVIEW APPROACH

‘,‘.,
. )
AN
.,

Initial efforts focused on a review and analysis of the literature
that presented information concerning the chemical characterization of
gb gun exhaust. Although somewhat fragmented (and in many cases incon-
clusive) these data identify the major chemical species and several of
the minor components of gun exhaust.

l:;'

ey

A With this knowledge it was poss ble to focus on the =oxicoiogyv zand
analvtical mechods for sel:zczed chemizals. Once :zhis was accompllznzs,

?? review 2{{orcs wers concenzrated on =he r2al tueszian -- vhat zlout zun

% exhaust as a compliex mixture? This is the central issue. especiall:r
with rsgard to toxicology, since knowledge of the potential heal:th

T effects of the individual chemicals, while informative, does not permi:

}d a valid assessment of the toxicology of the mixture. Interactive

effec:s (i.e., additive, svmergistic, or antagonistic) and competizisn
for raceptor sitas in vivo can not be adequatelv assessed bv examinazion

AR NCE S B W T N Y, AN
* 2

’{} of the dacta for iadividual chemicals.
Appropriats strategias and methodoiogies Zor investizating cthe
L analytical and toxicological properties of gun exhaust wers, therefzra.
. reviewed. Since it was xnown Irom zhe outset of the prolect that zne
iiterature discussing zun 2Xhaust as a compiex nixture was sxTremel
limited - especiailwv with respect t> :oxicology - it was decicded =na:
4
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ﬁ§ examination 2f zie nealtn 2ffects and analyticai chemistuw
-




.lq.' .! ’u.’ R

S - A

other complex mixtures that had been well characterized and tested would
be conducted. Those selected were tobacco smoke, diesel and gasoline
exhaust, and polymer combustion products. Analogy to these well-studied
mixtures and use of the limited information concerning gun exhaust, as
well as general principles of toxicology and analytical chemistry, per-
mitted development of strategies and methodologies for investigating the

“analytical and toxicological properties of gun exhaust.

1.3 SCIENCE OF EVALUATING COMPLEX MIXTURES
1.3.1 1Introduction

It is a logical assumption that most adverse health and environmen-
tal effects associated with occupational and ambient environments are
the result of exposure to complex mixtures. Even in those cases where a
single agent is responsible for the effect, it is seldom present as a
single entity in an otherwise pristine environment. The causative
agent(s), once rzleased into an environment, is (are) subject to chemi-
cal transformation and to physical or chemical interactions with consci-
tuents already in that environment. More importantly, products and by-
products of most chemical and physical processes are themselves complex
mixtures. This is especially so for fuel processing and combustion and
for military-specific concerns such as those related to conventional
weapons firing, battlefield obscurants, and missile propellants.

It is extensively documented (e.g., Committee 1982, 1983; Rosin
1982; USEPA 1986) that the toxicological potency of a chemical is
influenced by the mixture in which it is found. The mixture can
increase its potency (as when a tumor initiator is accompanied by tumor
promoting agents) or decrease its potency (as when a carcinogen is
irreversibly bound by the mixture such as to be biologically unavail-
able). It is also logical that a mixture might contain a variety of
constituents that affect different organ systems or produce a variety of
toxicological effacts. A mixture that mav no: contain an acutely zsxic
constituent may contain constituents that produce a long-term effec:.

The imporzance of complex-mixturss toxicologs and associated
assa2ssment has Seen rzcognizad by marv facderal azanciss ind sc
advisery dodies. The National Academy of Sciences,Nationmal 2

<

<
i

Council is currently deliberating strategies to address the ¢
of compiex mixzures. The U.S. Environmental Protection Agzancw
issued (USEPA 1236) "Proposed Guidelines for Health Risk Assessment cf

Chemical Mixtures.” The U.S. Depar:cment of Energy (DOE) currenzlwv
(USTOE 19356) Zunds a program on the toxicology of complex chemical mix-
tures 3s a £ollow-up to I:ts 2xtensive ‘e.g., Cowser 1984 cravions :ro-
gram o define the toxicological properties of svnthetic fuels. In z2n-
eral. these anc other orzanizations r2:ognize Ine Img

<Cure Toxico.ogy and seex o identiiv or develop the exg
stratazgy or Zatabase requirad to gzererate relliabie risk
2 . =
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1.3.2 Related Past Program Examples

Military-specific materials, effects, and exposure sequences of
concern are generally unique. The subject of this document, by-products
of conventional weapons firing, is an example. The principal effect of
concern is performance degradation during battlefield operations and
training exercises where exposures tend to be for short periods of time
to highly concentrated contaminants. While research efforts in the
civilian sector seldom address these same concerns, experiences gained
in these programs may provide guidance to experimental designs suitable
for military-specific concerns. The Smoking and Health Program spon-
sored by the National Cancer Institute and the Synthetic Fuels Program
sponsored by the DOE are discussed below as examples of past toxicology
research dealing with complex mixtures.

The National Cancer Imstitute Smoking ard Health Program was ini-
tiated in approximately 1968 and continued as a carefully integrated and
highly funded program through 1976. (The program continues today but
as a sma.ler grant-oriented effort addressing specific issues identi-
fied by the research community.) The program was coordinated by an
advisory body ccnsisting of independent researchers, tobacco industry
scientists, and National Cancer Insticute staff. It was based upon
strong epidemiological evidence of an association between cigarette
smoking and lung cancer. In the absence of legislative or societal man-
dates to control smoking, the program sought to determine whether a less
hazardous cigarette could be formulated. .

The approach (e.g., USDHEW 1980) taken combined engineering design,
toxicological and chemical testing, and fundamental research on biocassay
development and on the identification of causative agents. In the
course of the program, several million of each of approximately one hun-
dred cigarette types of systematically varied composition were manufac-
tured. Variables included tobacco types, tobacco processing methods,
major additives, and cigarette paper characteristics. The cigarettes
were smoxed by machine using puff parametsrs thought to mimic the auman
situation, and smoke was collected as condensate in large cold traps.
Kilogram quantitiss of smoke condensaze were generated from each
cigaratte, ancd the condensata was subiaczad to meuse skin pai
deza2rmine its zarcincgeni:izvy. Frash tatches wera praparad :
weeks o reduce the ilixel.lncod of errors jue I3 aging oI :tne :songensacs.
Portions of the condensate were subjected to chemical aralvsis as a
quality control measure and to provide a datapase for correiation wi:a
carcinogenicitv. 1In addition, the cigarecte filler was analvzed for
paramecers commoniv used dv the tobacco indusiry o estapilsy cigarai:ts
characteristics. A smaller number of cigarettes were also smoked using
analvzicai smoking machines <o determire their deiiveries of =ar,
nicotine, carton monoxice. and a variety of other constizuents of :the
parziculate ancd 2is pnases.
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The resui: was an 2xzensive Zatabase allowing correilatlons dezwasn
tobacco chemiscrr, :clizaracIa: consirzuctlon chariczaristics. sMoKe Inhem.s-
try. and carcinczeniciz:® of smoke ccorndensata. The generil zonciusion
was :that modiicacioms ln zizaratI2 zesign that rielded 1 signilicanz.or
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lower carcinogenicity increased the yields of other noxious constituents
or were known to be unacceptable to the consumer. Important findings
were that total dose was more determinant than specific carcinogenicity
‘of the condensate and that nicotine itself may contribute to
carcinogenicity.

‘ Subsequent research focused on the development of inhalation expo-
sure instrumentation and animal models. Dogs, mice, rats, hamsters,
baboons, and pigeons were used to study a variety of cigarettes and

| issues but not systematically as was done by skin painting. Acute toxi-
: city associated with nicotine and carbon monoxide proved to be a serious
| impediment to achieving sufficiently large doses of tar to clearly eli-
’ cit respiratory tract tumors in a time frame practical for inhalation
study of a largs variety of cigarstces.

The DOE program on synthetic fuels toxicology addressed a differenc
question than did the smoke program and thus utilized a different
approach. The first objective of the program was to determine whether
there were any unsuspected (in magnitude or kind) hazards associated
with the production of gaseous and liquid fuels from coal and oil shale.
The onlv samples available initially were those generated in small-scale
experimental facilities of questionable relevance to eventual commercial
facilities. As such, no sample was viewed as sufficiently relevant to
warrent expensive long-term toxicological study. In addition, a largs
variety of conversion processes were being considered and each produced
a large variety of materials of possible concern. .

The appreoach taken was to screen a large-variety of samples using
the Ames mutagenicity assay and chemical analyses for selected carcino-
gens. Results were generally compared with those simultaneously genera-
ted on petroleum-derived equivalents of the synthetic fuel samples. as
the toxicology and conversion technology programs advanced, mouse skin
carcinogenesis, other toxicological endpoints, and sophisticated chemi-
cal analyses were included.

An importan: general Isature of the program was its extensive us
of integrated chemical class fractionation and biological testing. I
this approach. :the sampie interesc Is first bioassaved as 3 wnocl.2
An alizuot Is ils0 subiensz o chemizal class ar ohvsical separatis:.

I and each of tne rasuiting Zractions is diocassavea. If the objeczive was

\ to identify the bioactive constituents, the fraction(s) exhibiting che

? highesc biological activizy was (were; Zurther separated and the 3ub-

| fraczions were bioassayed. The process was repeated until biocactivizy
could not be furcther concentrated, and then the Zfraction was analycad

| chemically.
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Cne important resul:s of this "bio-directed chemistrw”
Schuetzle and Lewcas 13%4) i1oproach was =he unextected Iinal
et al. 1989; Wilson =t al. 1330) that poliyecyciic aromatic primary amines
were the principal contributdrs o the Ames mucagenicity of coal
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liquigs. This 2xclained 1 later observation =nac Lt was fossibla I3
eliminate mutazenicity without reducing carcinoganicicy decause di?f-
ferant conszizuents wer2 z2sponsidie Jsr each of zae a2ffacts. Alsce
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important, it was found that class separation often allowed the detec-
tion of mutagenicity in a sample that appeared inactive when the mixture
was tested as a whole. It is also true that some types of mixtures that
test positive are negative or only weakly positive after class separa-
tion. Class separation served to concentrate the biologically active
constituents and to free them of matrix constituents which interfered
with the assay.

Both the National Cancer Institute Smoking and Health Program and
the Department of Energy Synthetic Fuels Program relied on comparative
toxicology to assess progress and set directions. The smoke program
compared the toxicological properties and chemical characteristics of
the cigarettes under study to those of a reference cigarette designed to
mimic those in common use in the 1950s. The synthetic fuels program
compared the properties before and after treatment and to petroleum
counterparts currently in the marketplace.

1.3.3 Complicating Characteristics of Complex Mixtures

Complex mixtures are especially difficult to evaluate toxicologi-
cally for three principal reasomns. First, the mixtures commonly consist
of a relatively small number of chemicals present at parts per hundred
quantities and an ever increasing number of constituents at successively
lesser concentrations. The chemicals present at higher concentrations
generally determine the acute toxicity properties of mixtures, but those
present at lesser concentrations may lead to long-term health effects.
The large variety of chemicals present requires that a large variety of
endpoints and organ systems be considered for a thorough health risk
assessment. Second, the physical and chemical composition of the mix-
ture is highly influenced by the conditions of its production. A diesel
engine at idle produces an exhaust different from that produced under
full load, and a new weapon is likely to produce a compositionally dif-
ferent smoke than is a weapon highly stressed by recent intense action.
Third, complex mixtures change composition with time as a result of
dilution in the environmen:t, interactions with ambient envizommental
constituents, and interactions with other components of the original
mixzure.

18

Products 5f incompl2ze combuszion aras escecizlly subizcz 2o zthas
complications. Cigarectte smoke, for example, is <nown iNorman 1337,
Dube and Green 1982) to consist of respirable-sized liquid particuiacs
matter in a matrix of air, carbon monoxide. caroon dioxide, nitrogen
oxides, water. and a great variety of wvolatile orzanic chemicals. 1I:s
composition is dependent on the properzies of the ¢igarecte and how It
is smoked. At least 4,720 constituents have been identified (Dube and
Green 1982) in cigarette smoke at concentracions ranging Irom volume
percent /e.g.. carbon dioxide. carbon monoxide) o parts wer billion
(e.z., seiected N-nitrosamines). The iistribution of :tihe constituencs
between particulate matter and gas pnase cepends upon the water so.ubi.l-
itv and wolactilicv of the constituencs. and upon the age ina dissridu-
tion »f the smoxe. Nicozine. almost solelv a parsicuiace znuase consI.:
tuent in mainstream smoke. is found "Zudv et al. 1233S) almosct soielr In
the zas phase of 2nvirommencal tosbac:o smoke. Similiar desengence on
time and dilution might -e 2x7ect2d >{ zhe consZ.ziencs :C JuNSMOKe.
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Such considerations require that experimental evaluations of mix- m_
tures be carried out with caution and understanding. Studies of con- — P
densed cigarette smoke or of collected diesel exhaust particulates, for R
example, are important for detecting constituents of concern and rela- ik
ting product or process modifications to one another but do not measure m
the toxicological effect of inhalation exposure to the materials as 4,
wholes. Collection of atmospheres containing principally inorganic con- ~ dﬁ
stituents such as the one of concern in this report is an especially )

suspect approach because the constituents are very likely to transform
to a chemical state in solution different than their natural state in
the aerosol. K
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Toxicological interactions in complex mixtures are currently poorly
understood. A comingled constituent might activate or deactivate an
enzyme system required to convert another constituent to its biologi-
cally active form. The constituent might competitively bind to sites on

DNA, making them unavailable for binding to the constituent(s), which

would otherwise result in cancer. Toxins may be present that result in qﬁ
lethality before the biocassay system can respond to the more subtle 38 t?
challenge. .

It is unlikely that advances in the sciences of toxicological and
chemical interactions will occur sufficiently soon as to allow a fun-
damental approach to risk assessment for complex mixtures. Strategiles

)
P53

v
»,

for chemical characterization and for comparative and empirical toxi- iy
cological assessments of risk are summarized below. 23 9
m U
1.3.4 General Approaches to Chemical Characterization ﬁ?
- . . - X C e e = l&
The chemical characterization of complex mixtures for toxicological o) '?
evaluation is generally approached in one of three ways. These are {a) 3
through a comprehensive mass balance, (b) through the measursment of
major constituents, or (¢) by analyzing the mixture for the presence and ;; .pf
quantities of preselected "indicator" chemicals or chemical classes. A ah .Q
mizture that has been characterized -oxicologicallv and cremically can ..
serve as a reference material for comparison with related mixtures. :f: L
Comparative gross propertias measuraments and muitielement and/or mul- LU
ticomponent scrzening Is olzen sufficisnc 2o zetac: similariziss and jh
dilfarances suggesting whether <oxicolsgical szady iz requirad. ﬂ& e
» .“!\
General features of combustion products are that they are highly " dﬁ
complex chemicaliv and physically and that their precise composition is o ,;
dependent on the exact conditions of zheir formation. Field condicions }& ")
(e.g.. ambient temperature and pumidicv extremes. weapon maintenance. i
recent action. ammunition nistory) influencing 2izher the formation S
chemistry or the fate of emissions Immediarelw Isllowing Zormazion ars ﬁ;: o
highlv wariable and z2nerallv undefined. As a rssul=z. a se= of control- AR h:‘
labie and defined condizions are besc selected 52 as Zo mimi: a realis- o
tic field condition and conszitute a standard »r reference method Zor N Ni
generating an 2xcerimentil t2st atmosvnere. ‘<onditions are zhosen o ' ‘
allow laboratorv zenerazicn 7f the itmosvhere wneneve:s possidie. This T N
fs done to aliow the use o7 sophisticated phvsical and chemical ¢

: . PR . S o f ]
measurement insIrumentaticn zhat is Zifficult <o slace in :tne fleld. 2 \{
[}
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Results obtained in the laboratory are compared with those obtained
using less sophisticated methods in the field under a number of common
conditions or under conditions representing the range of those expected
to be encountered.

The mass balance approach to chemical characterization is used
relatively rarely because it is time-consuming and costly. Examples of
successful use include the study of mainstream cigarette smoke (Norman
1977) and of synthetic fossil fuels (Guerin et al. 1981). Cigarette
smoke characterization has included the identification of individual
constituents, and the fuels work has generally been limited to estab-
lishing mass balance by chemical class. The advantage of the approach
is that it allows an accounting of the quantity of material character-
ized. The approach becomes less useful as trace contaminancs become
important because each constituent identified contributes little to the
mass balance.

Characterization by measurement of major constituents, physical
components, and physical properties i{s oftan the first step in studving
a completely unknown mixture. The selection of constituents for
measurement is generally made based upon what is known about the "fuel"
and the process . leading to the formation of the mixture of concern.
Where toxicology is of concern, gases such as carbon monoxide, oxides of
nitrogen, hydrogen cyanide, and hydrogen sulfide are commonly sought.
For propellant mixtures, permanent gases and inorganic oxidants are also
measured. Gross measurements also commonly include respirable and non-
respirable particulate matter, total orgzanic carbon, and vapor phase
organics. The objectives of the approach are to identify and quantitate
the major components of possible toxicological concern as rapidly as
possible.

The most common chemical characterization strategzy
selected constituents of known toxicological concern or

{5 o measurs
tn
indicative of the presence of toxicologically important ¢

ought to De
nstituents.

rained

Gases such as carbon monoxide and nizrsgen oxicdes are de
regardless of whether thev are major or trace constituen
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provides a rapld assessme
pected hazards and often
total material present.

Advances in analytical techno.ogy nave mace muitielsmen: and
ticomponent scresning a common zomponent Of mixIure charasierizatl.on,
- -
r

The presence and approximaZa quancizizs of MOsS:T 2iaments in The persisci:
table can be assessed rapidly using cachniques such as incuctivelv
coupled plasma 30eCITISTODY ANA NEUIISN ACTLVETLON SnALTSLS 3as
cnromatograpny and Zas e o

used o profils a2 wide i -

Sriducions ans ne relazive 3 : o
chromatograpnicaily may e i emgisizaciy I SMC4&rison wiltnh ~itz2
mixgzures.
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Two limitations of current analytical chemical technology require
special mention. First, highly reactive chemicals can seldom be sampled
for analysis with certainty that they have not reacted with other chemi-
cals in the mixture or the environment. This problem is generally over-
come by employing sophisticated instrumental monitors and is a major
reason why laboratory test atmospheres are preferred. Second, it is
currently very difficult to identify organic chemicals isomerically when
they are present at trace levels. This problem is often reduced by com-
parative chromatographic or mass spectrometric profiling so that the
number of constituents requiring identification is minimized.

The most practical approach to chemical characterization involves
the measurement of toxic constituents suspected to be present as a
resuls of wha= is known zbout fuel composition and formation chemistry.
Furthermore, multielement and multicomponent analyses provide a cost-
effective survey of the composition of the mixture that can identiiy
unsuspected hazards. Studies must be carried out using a controlled
experimental atmosphere in order to ensure applicability of the most
reliable measurements technology. Results must then be compared with
those acquired under a variety of field conditions using the most
suitable field methods.

1.3.5 General Approaches %o Toxicological Assessment

The toxicological propertices of a complex mixture are generally
measured in one of three wavs: {(a) by subjecting the mixture as a whole
to biological testing, (b) by subjecting major fractions of the mixture
to biological testing, or (c) by identifying and quantitating the indi-
vidual constituents of the mixture and subsequently determining (usually
through the literature) their individual toxicities. Biolcgical testing
is carried out either In a Righly directed manrer (e.gz., USDHEW 1980) or
using a tier approach (e.gz., Jaworski 197%; Merrill 1979). Directad
testing involves a definitive measurement of the effect (e.g., carcino-
genesis) of interest using the most suitable protocols available. The
tier acproach Iinvoives the application of suczessivelv mere complex or
definitive tests chosen cn the basis of results from the earlier testcs.
Twpical tiers inzlude chemizal analwsis. 2cute zoxicitr, chronic effeccts

3 v oas an incizasor of inogenizizy), sub-
: ap
izh
possible concern.

nav he used (USEPA 198€) in the
same manner as in ingle ccmpounds ars used to assess
rizk. A common 3 nazive ! Sme che rasul:zs of bialogical
tesczing with zhe : e . mixctures. Such comr
Teasuiras mayv e pect . imat 2zdi
procuct similar n in 1 no . ze° LI Rnown T
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1.3.5.1 Bioassay of Whole Mixtures $'
- Pt
! As shown by EPA guidelines (see USEPA 1986 in Appendix A), data on ]
v the mixture as a whole is generally preferred for risk assessment, '
because all the constituents involved in human or envirommental exposure fﬁ
ﬁ are presented to the biological test system. The result of the exposure bt
D%l presumably represents the net toxicity of the mixture as a whole and :hk
i accounts for additive, synergistic, and antagonistic properties charac- thy,

%

) teristic of the mixture.

~ It is generally difficult (and sometimes impossible) to both main- ,{‘"
N tain the integrity of a mixture and prepare it in a form suitable for :..("‘
."{; biological testing. This is especially the case for aerosols and trace o
i airborne contaminants. Sampling required to accumulate sufficient ':’3'
o material for many bioassay systems collects only that material for which »
?‘.S the collection medium is designed. Particulate matter is commonly col- q:
::'{I lected while vapor phase constituents escape the trap, for example. 0:4,
Further, extraction or dissolution of the collected material in an : |:‘
x organic solven: for skin painting or other biocassay removes only that c:::
. portion of the material that is soluble in the solvent used. Such dif- !
ficulties are compounded when both inorganic and organic constituents »
are of concern Decause a given solvent is seldom applicable to both s
: classes and because of the reactivity between the classes (for example, ~
¢! halogen acids or inorganic oxidants and aromatic organics). ]
; Aerosols and airborne contaminants in general are preferably bioas- ]
m sayed as a whole when risk assessment is intended. To do so, however,
generally requires that a laboratory-scale aerosol generator be devel- :‘f
i oped to produce a test material that accurately mimics that of concern ol
o in actual human exposure or environmental contamination. This in turn iyl
s requires that considerable chemical and physical analyses be carried out :.f
to define the nature of the test material. Furthermore, fi=ld sampling ﬂ{
and analyses must be carried out to define the nature of the actual ‘
P material that is to be mimicked by the test material. E‘:
AN This is ofcen a time-censuming and expensive componrent of cthe toxi- »
"o coiogical studv. Cnce such a system Is in place, however, I: may ke N
use¢ not oni¥ Itr Innalatisn bicass : source Ior osther »
T rouces 9 2MTosSura 2.z, 3KIn 3D inx! watsr tontaminazion .
a anc Zor envissnmentali T23Iin . 12 mav 2 studlzlosas Iy
=~ a funczion of envirommental (e.g., temperature and humidicy; condizions ;¢
- in the search Icor toxicclogically relevant chemical or physizal changes. )":
:% Chemical and gavsical characterization of aerosols from cancidacs .':{«.
rep.acement Iormulactions or processes may be sufficient |e.z., 3razsil K
et al. 1984) =o zetermine whether ctoxicological studv of Ine new P
::Q mazarial is raquired. ‘:
o ™~
~.3.2.2 Irzictisnazion aind 3icassav :‘:
}r 3ioiogical zasting oI snly a porzion of a mixture I3 i\
when ne porzion of concarn 13 xnown. Scady  UICZHEW 1230 -
. ai. 1383) of :izarette smoxe condensat: was INOUENC IO De 3s2guale t:'.
M decause carcineogenic acIiviIv was Ihcugnt 9 Ze is30C0iaz2l viIR smoxe '.0.
A e
l:!‘if
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"tars" and not the gas phase of smoke. Particulate matter from diesel
engine exhausts commonly (e.g., Schuetzle and Lewtas 1986) receives the
most extensive chemical and biological study partly because the major

gas phase components have been identified and their toxicological prop-

"erties are relatively well known. Such a practice is important for

identifying constituents of concern and for comparative toxicological
evaluation but remains questionable for overall risk assessment.

Studies of only a portion of a mixture are often dictated more by
experimental practicality than by choice. Biological test systems sui-
table for the study of liquids and solutions may not be applicable to
gaseous or highly volatile constituents. In other cases, acute toxins
(e.g., inorganic acids, carbon monoxide, hydrogen cyanide) present in
major quantities might have to be eliminated in order to study more
subtle toxicological effects. High costs and long time-frames associ-
ated with generating test atmospheres and carrying out inhalation bicas-
says frequently require that less definitive approaches be taken.

Systematic chemical or physical class fracctionation coupled with
biological testing is an alternative to testing whole mixtures that has
some advantages. It is an effective approach to identifying causative
chemicals (e.g., Guerin et al. 1980; Schuetzle and Lewtas 1986) and can
allow (e.g., Guerin et al. 1978) measurement of low-level biological
activity that is undetectable by testing the mixture as a whole. It has
been used most successfully for organic mixtures posing cancer hazards
following skin contact or deposition in the respiratory trac:

Cigarette smoke condensate (Hoffmann et al. 1983), diesel exhaust parti-
culates (Schuetzle and Lewtas 1986), and hydrocarbon fuels (Wilson et
al. 1980) are among the materials studied using this "bio-directed chem-
istry" approach. It appears that the toxicological study of fractions
imporcant from the standpoint of chronic effects may be justified by the
existence of a threshold for acute effects when it is suspected that the
chronic effects have a very low (or no) threshold. The proportion of
chronically affected test animals would be impractically low if the test
mixture exposures were low 2nough to De under the acute-effects
thrasnold.

2wtensive superisnce " 2.z., Cowser
TT wCIxX sn the alcrsoilal mutzgen
Jossil Iueis. Jamples werz separazec 2ither oy i
-al. 1982) or by chemical extraction and chromacography (Guerin

1981), and each of the resuiting fractions was subjected to aAmes
mutagenicity testing. The sum of cthe specific mutagenicities of eacn
chemical fraccion weighted Zor their mass contributions to tihe whols
mixkture was found (Guerwn et al. 1273) to be a reasonabie es:zimate of
the activity of the wnois mixture. Results cotained by summation Jor 3
serias of reiacad mi iXtures that were also tested as who;es were found
{Ma 27 alL. 733, 2o corra_acza well wizh Jdne another.
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Chemical class fractionation carried out with the intent of comput-
ing activity by summation must meet stringent requirements. First, the
method must allow complete recovery of the starting material so that all
of its parts can be tested. Second, the method must be gentle enough
that chemical transformations do not occur as a result of the separation
itself. Third, the method must often be applicable to sample sizes of
several grams or more in order to generate sufficient quantities of the
minor fractions for biological testing. Lastly, fractions generated
must be chemically homogeneous. Contamination of a major (by mass)
inactive chemical class fraction with a small amount of a highly active
chemical of another class results in a large error upon summing weighted
class contributions to compute the activity of the mixture as & whole.

1.3.5.3 Chemically Directed Assessment

Chemical and physical characterization is often an early step in
toxicological assessments of mixtures. If the mixture contains only a
relatively small number of constituents of well-known toxicity, their
identification and quantitation may be sufficient to assess the toxici:cy
of the mixture as a whole. This is especially so if the constituents
are chemically inert toward ome another.

Most mixtures of interest in military applications are too complex
to allow toxicological assessment from chemical measures alore. Chemi-
cals resulting from weapons firing, for example, are highlyv reactive.
Mixtures resulting from fuel combustion contain such a large variety of
gaseous and organic chemical constituents as to make positive identifi-
cation and quantitation of each impractical. Organic analytical tech-
nology is currently incapable of identifying trace organics with the
isomeric specificity required for toxicological assessment without a
major expenditure of time and resources.

Chemical and physical measures are most useful for determining
levels of exposure and for supporting toxicological assessments.
Measuras of the major conscituents of a mixture can suggss:t acuts foxi-
city concerns to be considered. Selected carcinogens such as
benzofadpyrene and 8-napnthviamine are frequently measurad t> assess the
nead Iar carcinogenicity tssting. A most imporzant use I cnemical
ana.vsis is I5 assess the similarity of the mimzure of inzarss:z o 2%

T that may nave already been characterized toxicoiosgicalilv. 7Fov-
sical and chemical properties, chemical class compositions, and mul-
ticomponent chromatographic or spectrometric measures of tne unknown and
known mixtures mav be compared to assess their similaricty without
requiring identification and quantitation of each constituenc.
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..3.53.4 Relationshin 7 Cunsmoke
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Most e2xperisnce wita complex-mixcures toxicoiogy has iavaived ¢
studv of materials where ralativelv common gases and.or comoi2X mixturas
of orzanic chemicals wer: of concern. Gun smoke contains r2active iror-
ganic :onstituenis as we.. i3 gases andé orzanlic :hemicais. Aefiods
chemical c¢las
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successiul
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separation and in vizrs Dioassav preparacisn tnat wers
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useful for gun smoke since sampling methods used to accumulate material
for bioassay or chemical analysis are likely to be accompanied by chemi-
cal transformations. Laboratory generation of intact gun smoke appears
to be the only definitive approach to establishing its toxicological
properties. Some information might be gained by biological study of
major gases and inorganic constituents alone or in mixture.
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2. CHARACTERIZATION OF COMBUSTION PRODUCTS OF PROPELLANTS

2.1 INTRODUCTION

The following discussion is arbitrarily limited to certain small-
caliber weapons (M-16, M-242, 20-mm cannon) and to certain large-caliber
weapons (105-mm cannon, 120-mm cannon, 155-mm Howitzer, and 8-in.
Howitzer). In this section the discussion focuses on: (1) mechanism of
combustion of propellants including the role and compositicn of primers
and igniters; (2) composition, pnysicochemical paramecers, and combus-
tion products of propellants; (3) mechanism of combustion of propel-
lants; (4) current methods for protecting the gun crews against exposure
to gun exhausts; (5) physicochemical parameters affecting the composi-
tion of the exhaust emission from guns; and (6) minor constituents of
gun exhaust with special reference to Snelson’'s report (Snelson et al.
1983). Section 2.2 presents a more detailed analysis of gun exhaustc
products,

2.1.1 Firing Mechanism - Composition of Primers and Igniters

Of the three types of mechanical initiators--percussion primers,
stab detonators, and friction primers--the discussion in this section is
limited to percussion primers because of their wide use in gun systems.
In small arms ammunition such as the M-16 rifle, a relatively small
amount of sensitive primer mix, upon being struck by a firing pin,
causes ignition of the propellant. However, in large-caliber rounds an
igniter usuallv composed of black powder is inserted between the primer
and the propellant to act as a booster. The arrangement is shown
schematically in Figure 2.1 (Ciccone 1978).

The primers in use today ars of nemmercuric and nonchlorate compo-
sition. Mercury Julminate Is no longer used because ol Its inherent
instability. The use of chiorate is undesirable since it secomposes :Io
form corrosive :hloricde. The compositions of :onvencional srimi 3.
tures used in dillerent zvtes oI primers are snown In Tazl:z 1.0
1978, .

The militarv percussion primers are usually of the :s:=ncteriire zuvco
with the ammunition containing a primer liocated centra.ly .n =

the cartridge case. The more commonly used boxer primer anc
primer are shown schematically in Figure 2.2. The boxer cri
of a metallic cup and anvil, both mause Irom bdrass a..ov 2i-Ia  TI:ll
Compressed priming mixture Is placea detween the cup anc the anvil
(Cicccne 1973 .
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TABLE 2.1. STANDARDIZED PRIMING MIXTURES
Ingredients PA100 PAlOl 793 NOL160 NOL130  Fa956P
(%) (%) (%) (%) (%) (%)
Lead styphnate, basic - 53 39 60 40 -
Lead styphnate, normal 38 - - - - 37.0%5
Barium nitrate 39 22 44 25 20 32.0%5
Lead azide - - - - 20 -
Tetrazene? 2 5 2 5 5 4.0+1
Lead dioxide 5 - - - - -
Calcium silicide 11 - 14 - - -
Aluminum powder - 20 - - - 7.0%1
Antimony suliide 5 10 - 10 15 15.0%2
PETN - - - - - 5.0%1
Gum arabic - - - - - 0.2

a. The German name

‘Tetrazene'’

is used to avoid confusion with the

polycyclic aromatic hydrocarbon, tetracene.

b. The primer
et al. 1983)
fall in this

Adapted from

used in the M-16 rifle system in Snelson’'s study (Snelson
and that used in the XM-19 rifle (Rocchio and May 1273)
category.

Ciccone (1978).
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Igniters are used in large-caliber weapons and act as intermediates
between the primary charges and propellant charges. The most commonly
used igniter materials used by the United States are: black powder, CBI
(clean-burning igniter) made of porous nitrocellulose, and benite
[(extruded material consisting of 50:50 mixture of black powder and
nitrocellulose; according to Lindner (1980), it is a 60:40 mixture of
black powder and nitrocellulose]. Advantages of black powder are (1)
easy to ignite even at low temperature, (b} very stable on long storage
under dry conditions, and (¢) low gas and hot particle output; brisance
is controlled by granulation. Powerful igniter impact may shatter pro-
pellant grains, especially at low temperature where the grains may be
brittle (Stiefel 1985). The composition of most current military black
powders is between the following limits: potassium nitrate, 74 to 78
percent; charcoal, 12 to 16 percent; and sulfur, 10 to 12.5 percent.
Requirements for the U.S. Armed Forces are covered by specification
JAN-P-223A for black powder (potassium nitrate, 74.0 percent; charcoal,
15.6 percent; sulfur, 10.4 percent; ash content, 0.80 percent maximum)
(Fedoroff and Sheffield 1962). .

Sketches of various types of artillery ammunition showing the loca-
tion and function of primer-igniters have been presented bv Fedoroff and
Sheffield (1969). Besides the percussion primer discussed above, elec-
tric primers, i.e., primers initiated by an electric current, are used
in several gun munitions. Combination electric/percussion primers have
been studied but have not come into use (Stiefel 1985).

2.1.2 Composition and Physicochemical Parameters of Propellants

All gun propellants in use are nitrocellulose based. Common
ingredients used in these gun propellants and their functions are given
in Table 2.2.

Nitrocellulose-based propellant compositions used in guns have been
reported by Lindner (1980) and by Roth and Capener (1978). These data

-~

are given in Table 2.2. Single-base propellants contain nitrocellulose

gl
but no nitrogivcerin or nitroguanidine.

Double-basas prope.lants contain

nitrocellulose and nitrogivcerin but no nitroguanidine, and triple-base

propellants contialin nitraceliulose, nitroglvcerin, and nitroguanidine.

This i3 a2also a :.3ass of couble-base trovellants thac mav concain
diethvienegiyco. zinizrace and nictrogivcerin or nizroceilulose  Hollaman

et al. 1983).

Thermochemical, thermodvnamic, and performance characteristics of
nicrocellulose gun propelliants are given in Table 2.4 (Linaner 193C).
Composition of ~he major combustion oroducts constituting about 29 per-
cent of the exhaust s alszo included. The characcaristics of black
powder and approximate compoosizion of reaction products of dlack powder

ars ziven in Taola2s 2.2 ang 1.5 resgveczively. Th2 aDProximacs COMPOS.-

ticn and proper:zies of :typical nitroceliulose-base cast oropeilants as
usad In rockets ire shown in Tabie 1.7 The comoosicion oI the comous
cion oroducts o3I these provellants 13 2:50 inc.aa2d.  The uscificazicon
for including <he <ata on rocket prooeilants in this documen:z osn gun

prooe.l.ants iz tnag zhev 2rovice terz.nent Infsrmacion Hn neticenicg’

ine inalysis wnat 1av o2 isrilcadbia s othe invasTigacion oD fun eMBansT.
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TABLE 2.2. TYPICAL COMPONENTS OF NITROCELLULOSE PROPELLANTS
AND THEIR FUNCTION

Component Application

Nitrocellulose Energetic polymeric
Polyglycol diols binder
Nitroglycerin, metriol trinitrate, diethylene glycol Plasticizers:
dinitrate, triethylene zlycol dinitrate, dinitrotoluene Energetic
Dimethyl, diethyl or dibutyl vphthalates, triacetin Plasticizers:
fuels
Diphenylamine, diethyl centralite, 2-nitrodiphenylamine, Stabilizers
magnesium oxided
Organic and inorganic salts of lead;'a.s., lead stannate, Ballistic modifiersd
lead steazate, lead salicylate
Carbon black Cracifier
Lead stearate. graghilte, wax Lubricants

Potassium sulfate, sotassium nitrate, cryolite® (potassium Flash reducers

aluminum fluoride)

Ammonium perchlorate, ammonium nitrate Oxidizers
Inorganicd
RLX, HMX, nicroguanidite and ather nitramines GCrgan:c?
Aluminumd Metallic fuels
Cross-linking
Catalysts
Lead ~arbkcnata Nefouling igent
Tin

3. MgQ .5 zernaps whe noss 2ficient .acrzanic stabilizer I5r aitrogiyses:in
(Usbans«i .333). lacg 3£ .3 ise in =he zun p:o§el;an: smpesitions usad in the
7.3, Army .3 1 surprise ‘see Table 2.1} Zowaver, 2ccording o St.efel '138%5),
~he Army mavy 20t ise 20 Secause Joudlia-tase zropeilunis ire stabilized well Ty
Jrgzanic watac.1als susn is anayl cantralize. Tnorzanic naterials are ot desiI-
icle. 18LT ZLOGUELS tave gt MoLeculic ~e:ghf and tlev 7nay 2roducae Iduling

and smcxke.

5. Jall.stis sodiflars 12 secy 3PArINALY iS4d L0 guUN SISD0Q.l3ANL3.  AmMmenium ger-

shlorate, ammon.um nitcate, XLX, and MX ace not usea :n Jun propei.ant IIfmu.as

!see Taci2 1.3

3. ZIvollte ised .n the T I, irmy zroge.lants “as 1iwavs ceen sodium :luminum

£lsor.<e  To3edman 385,
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;q: TABLE 2.5. CHARACTERISTICS OF BLACK POWDER ) :::
- !
&" Characteristics Value J ::
Y
ﬂ Flame temperature, K (isochoric) ca 2800 =
A .
Moles of gas per gram 0.0128-0.0133 h
i g
ﬁ:; Heat of explosion (H20, lig), J/g2 _ 3015-3140 K
o Imperus, J/g@ 239-284 e
N Burning rate, cm/s at 6.9 Mpab caltol.2 "\
i q
Ay Temperature coefficient of pressure, 3/°C 0.4 :g.‘::
e
) Pressure exponent 0.25-0.5 g
gl SINX
,:.'1‘- Ignition temperature, °C 430 . )
Aczivation enmerzy, %J/mclz=8 3TN il
oy ::‘;
'& a. To conver= J o cal, divide by 4.184. :
b. To convert MPa to psi, multiply by 145. o~
ﬁ Adapted from Lindner (1980). ;""
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TABLE 2.6. APPROXIMATE COMPOSITION OF , :“
REACTION PRODUCTS OF BLACK POWDER

o

Component Wt % . -
Gases &y ]
Carbon dioxide 49 y 3
Carbon monoxide 12 S
Nitrogen 33 o{"_f J
Hydrogen sulfide 2.5 b |
Methane 0.5 _\-.\ 9,
Water 1 '\_’ X
Hydrogen 2 e :‘
Total 44 -5 ?
&g 1y
Solids : L 4
Potassium carbonats 51 1
Potassium sulfate 15 ~"r~ "X
Potassium sulfide 14.3 I I:‘
Potassium thiocyanate 0.2 ,::l
Potassium nitrate 0.3 s O
Ammonium carbonate 0.1
Sulfur 9 e
Carbon 0.1 - :..5
—_— PO,
Total 56 "-':). l|:‘
Y
Adapced from Lindner (1980). ]
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TABLE 2.7. APPROXIMATE COMPOSITION AND PROPERTIES OF TYPICAL

g NITROCELLULOSE-BASE CAST PROPELLANTS USED IN ROCKETS
Type
Low energy High energy
ﬁ A B c
Composition, wt %
g Nitroceltulose (12.6%N) 59.0 20.0 22.0
Nitroglycerin 24.0 30.0 30.0
. Triacetin 9.0 6.0 5.0
’gg': Dioctyl phthalate (Di-2-ethylhexy!l phthalate) 3.9
' Aluminum 20.9 21.0
HMX 11.9
}‘» Stabilizer 2.9 2.0 2.0
o Ammonium perchlorate 1.0 20.0
' Lead stearate 3.0
?QA Ballistic prooerties
Specific impulse, N-s/kgd 2062 2651 2602
Burning rate at 6.9 wPab at 20°C, cm/s 0.65 1.40 2.00
o Pressure exponent 0.45 0.40
o Pressure coefficient 0.025 0.06
ra™

Thermochemical - thermodynamic proocerties

oV Heat of explosion (J/g)¢ 2931 7718 7432
ﬁ Heat of formation, - AN J/g¢ 1570 1842
Flame temperature, K 1925 3850 3900
. Mean heat capacity, (J/9-K)¢
:’-r: Products 1.80 1.76 1.76
o'y Gases 1.80 1.2% 1.2
Mean moiecular weight, 3/mole
- Proaucts 21.8 27.9 28.9
> Gases 21.8 30.9  21.0
Specific heat ratio, sas 1.27 .18 1.17
,,' Combustion oroducts zamcosition, move/*0Q 30
£ c 2.12
jsted} s .35 3.7
s jate} 2.2 ©.23 'S
> H2 1.26 9.7% 3,56
o
H20 0.%6 0.27 0.33
s N2 0.43 0.49 0.38
2-!,:\ Pb 2.904
: AlzC3 0.35 0.37
' H 8.29 2.23
R oK 0.35
D Other 0.15
HCL 3.°0
7
. a. To zanvert from N.s/k3 o Lbf/lh, Zivide by 9.82.
5. Ta zcnavere wPa te ssi, multiply oy ‘45,
- 2. To zonvert J to cal, Zivide by 4,184,
% Q. Ma:or cracucts sntv.,
4
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2.1.3 Mechanism of Combustion of Propellant in Gun Systems

According to Piobert’'s law of combustion, when a solid grain of a -
propellant is ignited in air, each surface burns independently and pro-
gressively in parallel layers and at the same rate. The law is valid
only for nonporous powders that deflagrate but do not explode. Hence it
does not apply to porous black powder, nongelatinized compressed nitro-
cellulose, etc. (Kaye 1978). The law also fails in the case of perfora-
ted grains depending on the length and diameter of the perforation,
because a stream of hot gases passing through the channels causes the
channel surface to burn faster than the external surface of the same
grain. This effect is known as erosive burning (Fedoroff and Sheffield
1962a). However, according to Stiefel (1985) the law does work if the
burning surface area of the pores is taken into account. In perforaced
stick propellant where the grains are very long, the gas produced in the
perforations is restricted from moving out, resulting in pressure
build-up and rise in the velocity of the exit gas leading to erosive
burning. The problem is solved by using a slotted stick where a thin
slot runs along the stick leading to the perforations, thereby permit-
ting the escape of the gases through the slots. Most multiperforaced
gun propellant granulations have been found to burn quite normally when
tested using an Interrupted bomb technique (Mitchell 1986).

The complex interacting physical and chemical processes that occcur
during the ignition and combustion phase of the interior ballistics
cycle of a gun are not completely understood. The ignition phase is
still a subject of active research (Irish 1985). Various flame zones,
temperature profile, and probable species distribution for nitrace ester
propellants at low pressure are shown in Figure 2.3 (Fifer 1984). At
high pressures, the zones are greatly compressed and thus are not visi-
ble. The processes indicated, however, occur nevertheless {(Stiefel
1985).

(in mm/s, cm/s, or ins/s), at which the burning surface of the prope
lant racedes and the mass durning rate, m (in 1lbs/s, g/s), equals r p-a.
where p = densicy of propellant and A = burning surface area. There ars
sewvera. physicochemical Zactors tha: can influence the mass rate of
burninz--size. snape, and web thickness of grains, porosi:zv and sur:
Craacment of srspellants. prassure oL confinement, and composition o
propellant (Fasdoroff and Sheffield 19%2a). The eZfect of grain geomez::

The linear ratz of burning of a propellant is defined as the rate r
i-

[¢¥]

-

(R

is discussed Selcw. For single perforated grains, the web thickness Is
equai to half che difference between :the outside diameter and the
diamezer of the perforation; che larger the web cthickness, the siower is
the propellanc. Porous zrains are fascter burning than nonporous grains.
The higher the sressure ol confinement, the higher is the raze of bur-
ning, and the nigher the nitrogen content of nitrocellulose, the higher
is trne rate ¢ burning >f al:zrocellulose based prepelilancs.

Control of =he tota
iishing the rnumber of zr
tion, and in zhe :zase of

burning surface can de achieved 5v estab-
ins to be used, their zeocmetrical :onfigura-
rocket propellants, the cementing of
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noncombustible inhibitors on grain surfaces to prevent their burning and
bonding the exterior surfaces to the motor wall. The effect of grain
geometry on burning surface area is shown in Figure 2.4. (Lindner 1980).

The relationship between pressure, distance traveled by the projec-
tile, and velocity of the projectile is shown in Figure 2.5 (Ryan 1982).
On firing, the burning charge produces gases at a very high pressure to
propel the projectile through the barrel until it leaves the muzzle at a
predetermined muzzle velocity. Initially the rate of burning increases
very fast, causing a rapid rise in pressure until the gas reaches "shot
start pressure,” at which point the projectile starts to move forward.
For spin stabilized projectiles, a major cause of the shot start pres-
sure is the resistance to motion during engraving of the projectile
rotating band. Pressure quickly reaches its maximum value and then
starts to fall as more space becomes available owing to projectile
movement along the barrel. The projectile continues to accelerate even
after the gases are all burnt. However, the rate of acceleration
decreases until retardation occurs just outside the muzzle due to air
drag. About 25 to 35 percent of the energy produced by the charge is
consumed during the projectile’s travel in the bore of the gun. The
remainder is dissipated into the atmosphere after the projectile leaves
the muzzle. The "all burnt" position is usually located well inside th
barrel. If it is too far forward in the barrel, the likelihood of a
muzzle flash increases. If it is outside the barrel, there is, in addi-
tion to wastege of propellant, a danger that the breech may be opened
before all the propellant has been consumed.

The combustion of gun propellants, particularly measurement of
linear burning rate vs pressure, is studied in closed bombs. Tradi-
tionally, measurement of linear burning rates have been made with bombs
loaded to a density of 0.2 g/mL and producing pressures cf about 30 kpsi
(Stiefel 1985). This loading density is still used for testing of exis-
ting common propellants, but loadings that produce pressures of 100 xpsi
or even higher are frequently used with new propellant formulatiouns.
(Mitchell 19856).

As pointed out bv Fedoroff and Shefiieid (1952a), the conditions of
burning propellancs in a :losed bomp and a gun ar2 not Ins same.
ciosed svstem the zas zeneratad Ilaws ilong the normal I Ihe durn

propei.ant suriica LI the :harge s ncc concentraced near sne enc
vessel; the gas velocities narallel to the burning surface are neglizi-
ble. In a gun, movement oI :the gas stream from che breech o the muzzie
takes place with a relative velocitv of hundreds of feet per second. In
essence, the prooeilant burning in a gun initially resembles that Iin 3
closed bomb and <hen shows a1 rate of durning gresatar than zhat found :in

-
=
-a

g

a closed vessei at the same pressure. 12 woula de difficulz zo use
closed chamber dica on the velative amounts of trace gases o predic:
the amounts oI zhose same zases =0 2o 2xpecIad Irom gun firtings . Fraace
man 13936).
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2.1.4 Physical and Chemical Parameters Affecting the Composition of the
Exhaust Emission from Guns

The composition of the exhaust emission from guns depends on many
factors--composition of the propellant, igniter, primer, temperature and
pressure in the barrel, and erosion of the gun barrel and combustion
chamber.

According to Urbanski (1983) the products of decomposition of pro-
pellants resemble the products of decomposition of their individual con-
stituents taken separatelv. The chief products of decomposition of
explosives are combustible gases CO and H? and noncombustible gases CO2,
H20, and N2; these constitute about 29 percent bv volume of the exhaust.
The amount of CO2 and H20 Zormed from nitroglvcerin is higher than the
amount formed Irom nitroceilulose due to the more favorable oxygen
balance in the former. The primarv minor constituents are CH4 and NH3.
There are numerous very minor constituents occurring at far below 0.1
percent by volume (Section 2.1.5).

Generally speaking, the pressure in the powder chamber and in the
bore of the gun profoundlv affects the composition of the decomposition
products of smokaless powder. Pressure is mainly dependent on the den-
sity of loading. The amounts of CO? and CH4 increase and those of CQ
and H? decrease as the loading density increases (see Table 2.8) accor-
ding to the following:

CO + 2HP - CH4 + H20 + 57.8 keal 1)

Decomposition products of a given powder differ at different dis-
tances f£rom the muzzle since the temperature and pressura decrease con-
siderably with the movement of the projectile along the bore (Urbanski
1983). The egquilibrium shif:ss when the gas exrands and cools as the
projectile moves down the barrel. At some point in the expansion, the
equilibrium freezes, however, and the composition then remains essen-

ziallv constant. One of the uncertaincies in predicting :the gas compo-
sizion via comoputar s the :zrassurs at which che equilibrium Ifreezes
(Stiefal 1983. Temperature and prassure changes along the length of
The sarrel nava teen raperzad for zae German MU28 ifle Taole 2.3
in accéition o reactiion L,, tne following rzactions also Tawe

place

202 - 200 + 372 - 135.2 keal (2)

2H?2O -~ 2Hp + 02 - 115.6 kcal )
In reaccions "2} 3nd 73, a vise in zemperacure favors the shift of =zhe
equilidrium T2 Tne right ana a rise in pressur2 Iavors tae sallt in tne
other direczion Yrbanski 1282)

~

According =5 Urbans«i . . %82) oressure affeczs the svstem more :Iihan
" rows and

Zemperiture, 30 :ne coniani Of 02 In tne combusTisn Jraducis g

Thaz »2 208 Za3lls 33 the 2ro 2ctile novwes Iowarls the ausl.a. Apparancl

reactizn ‘2% 13 nmoC the 3nlv reaction :1nat dectarmines the :oncentrazion
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TABLE 2.8. AMOUNTS OF DECOMPOSITION PRODUCTS OF POWDER
IN RELATION TO DENSITY OF LOADING (A)

Pressure

(kg/emd)y 02 CO  CHa  H

ro

N2 H20 4

.200

Adapted from Urbanski (1983).
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TABLE 2.9. VARIATION OF TEMPERATURE AND
PRESSURE ALONG THE LENGTH OF THE BARREL
OF THE GERMAN M/88 RIFLE

Travel of the base Temperature

. N . Pressure
of the ?;;gectlle of(§é§es (kg/cm?)
200 1,426 1,385
300 1,202 834
400 1,060 577
500 965 434
600 877 339
693 (muzzle) 818 280

Adapted from Urbanski (1983).
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There is another noteworthy reaction taking place inside the bore
(Urbanski 1983):

CO + H20 - C02 + H2 + 9.83 kecal 4)

A rise in temperature shifts the equilibrium of this exothermic reaction
to the left.

The nitrogen present in the form of nitro groups in the ingredients
of the propellant is mostly converted into molecular N2 in the final
combustion products. However, traces of NOx may be formed. Ammonia
formed by the following exothermic reaction has been detected in gun
exhaust (Urbanski 1983):

N2 + 3H2 - 2NH3 + 22.0 kcal
This reaction is catalyzed by iron particles in the exhaust.

The heat of explosion and consequently the temperature reached
depend on the composition of the propellant. The higher the nitrogen
content of nitrocellulose, the higher is the heat of explosion (Urbanski
1983a), and the higher the nitroglycerin content of the propellant, the
higher is the heat of explosion (Table 2.10) (Urbanski 1983).

Potassium nitrate or potassium sulfate is often incorporated in
propellant formulations (see Table 2.3). Potassium has been shown to be
very efficient in suppressing secondary flame (Urbanski 1983). A report
by Klingenberg and Heimerl (1982) on the effect of flash suppressants
shows that the active species is KOH, which is formed by chemical reac-
tion in the gas phase from the corresponding nitrate or sulfate. It is
hypothesized that the mechanism of flash suppression is free radical
scavenging by the hydroxvl radical.

Hydrogen, oxygen, and carbon monoxide (present in the exhaust) can
enter into folleowing chain reactions a:t high temperatures, giving rise
to free radicals (Urbanski .383):

Hp <« 22 - 27H
CH - H2 - H20 - H
H o2 OH + ©

0 H2 OH + H
co CH Co2 + H

Examination of the course of gaseous expliosive reactions by kinetic
absorption spectroscopy indicates that potassium ions promote the fol-
lowing chain-breaking reac:ions to reduce the concentration of free rad-
icals, thersby causing suppression of the secondary flame:

BH+32 - H

H + CH - H20

0+3 -02
+ 0~ CO2

cad-
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TABLE 2.10. HEAT OF EXPLOSION OF PROPELLANTS AND VOLUME OF GASES EVOLVED
Composition of .
propellants (%) 1 2 3 4 > é
Nitroglycerin 30 36 40 47 58 -
Nitrocellulose 65 52 50 53 37 100
Other nonexplosive ingredients
(cencralize, petroleum, eic.) 5 12 10 - 5 -
Volume of gases, Vg (1l./kg) 913 910 900 810 875 934
Heat of explosion (kcal/kg} 1,030 935 1,005 1,090 1,250 2924
Temperature, t (°C) 2,470 - - 2,850 2,825 2,230

Adapted from Urbanski (1983).
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Erosion of the gun barrel and chamber contributes to the gun ﬁ‘
exhaust in the form of particulates (smoke) that, in part, come from the — g
barrel material due to erosion, from the gilding metal jacket on small-- N 0
caliber projectiles, and from the rotating band on larger-caliber pro- ' e
jectiles. Erosion may be thermal, chemical, or mechanical. Nitrogly- s -N
cerin in propellants causes more thermal erosion than nitrocellulose }g Eﬁ
because the former generates a higher flame temperature. This can be DA,
' countered by incorporating inert materials (e.g., petrolatum, central- 1i
ite) or an active substance of a lower heat of explosion (e.g., nitro- Fﬁ v
guanidine). Another type of thermal erosion is known as gas wash ero- A >
sion. In the initial phase of firing, the cartridge case expands and o
seals the breech. On ignition of the charge, the projectile leaves the o
cartridge and moves into the barrel where, via engraving of the rotac ;ﬁ Jﬁ
- ¥ »

band or of the bullet jacket, it comes to fit tightly in the riflin
the barrel. Before the projectile is fully seated and engraved, gu
may flow past the projectile causing increased heat transfer and hi

surface temperatures. This may cause melting and wipe-off of the s "
at the barrel surface near the origin of rifling, as shown in Figur
(Smith and Haslam 1982). W
RS
e
According to Urbanski (1983), chemical erosion in the barrel can 3>e -
a prooiem and is caused by decarburization of steel at high temperacur: e A
according to the reaction: W
N K .;
C02 + C - 2CO -~
(S
The decarburization increzases the porosity of the metal. The absorpticn =
of gases in the pores under high temperature and pressure followed by :~
expansion will blow up the pores causing severe corrosion (Urbanski AN
1983). However, gun barrel erosion due to decarburization is now RS g

discounted according to Fresdman (1986). Yo

2.1.5 Minor Constifuents of Gun Exhaust Zmission N
e
- P : e ’ I
There are verv few documents which examine the minor (<1 percent = N
volume; constituients of gun exhaust in depch. Tompa (1333, rceported oz ?{ ;c
formation of sthar toxic zases (HF. HCl, H2S, HCN, 5, 502, <08 IR,
CHE2D, and NEZ sesides T in zhe comcuscion Irocu : = el
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Wear inside a machine gun barrel.
Adapted from Smith and Haslam (1982).
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al. 1985). These are Pb, Sb, Ba, Cu, and Zn. Lead constitutes about H{
half of the total amount of inhalable (<10 u) metal particulates; Cu c - ;'
constitutes about one-third and Sb, Ba, and Zn together constitute about T W
one-twentieth., It has been speculated that most of this Pb probably "
comes from the copper-coated lead slug used in the rifle. It is o .5
worthwhile to mention here that large-caliber artillery weapons use lead ﬁ& )
foil as a "decoppering agent" to remove copper residues left by the pro- K s
jectile rotating bands on the gun bore. As much as 290 g of lead foil ;i
are used in some 8-in. howitzer propelling charges; smaller amounts are ﬁﬁ o
used in some 155-mm and 105-mm propeller charges. This foil is the e
major scurce of lead fumes from artillery weapons (Herud 1985). Copper 5,
and zinc are present in the brass bullet case. Lead, barium, and s, - }
antimony are present in the primer. This topic is addressed in more %Q ,ﬁr

detail in Section 2.2, =

2.1.6 Existing Methods for Protecting Gun Crews Against Exposure @ :::'
to Gun Exhaust Fumes . ﬁf

\,

Two systems have been reported in the literature for protection of o0 ‘$

gun crews in closed vehicles or aircraft against exposure to fumes--the e i'
bore evacuator or fume extractor, and the ventilator system. ¥
i‘\\ L) \

According to Ryan (1982), bore evacuators are cylinders fitted to a :,,.:
segment of the barrel to form an additional reservoir for the gun S hs
A

exhaust. Ports or nozzles are drilled in the barrel and are inclined
towards the muzzle. The gas flow to the reservoir stops when the a
pressure in the reservoir equals the pressure in the barrel. The opera- b

TS

tion of the bore evacuators is shown schematically in Figure 2.7. Y
R . % g
e
) J
A closed breech scavenger system, M8l, was developed in the late i ) j

1960s to overcome the shortcomings of the previously used bore scavenger
system in dealing with the problems of toxic fumes, burning residues, or
flareback conditions resulting from incomplete combustion of the g

'-';‘5

-

combustible case ammunitions or missile (Swank 1969; Daffron Jr. 1968; \?'n.e
Musick 1969). The closed breech scavenger system utilizes an inert gzas ;j
at 3,000 psi to flush out the exhaust and residual material from the zun Qﬁ’ \q
tube and chamber. The carbon monoxide concentration at each of the crzw N
positions (commander, gunner, driver, and loader) was monizorad by &
Model 200 or 3CO Lira analwzer. 1I: was conciuded that the 1481 closec e
breech scavengsr system along with the ventilazion system will eliminaz: f{ Y
hazardous levels of toxic gas and smoke and will eliminate or signifi- RN
cantly reduce the possibility of a flareback condition (Swank 1969). S
wa
The promises of the closed breech scavanger system (Swank 1969; LY
Daffron Jr. 1968; Musick 1969) were apparently not realized in practice o
and the principal protection of the gun crew in a confined space, such PITEENY
as an armored vehicle, continues to be tne ventilation system. There AN
are many types, ranging Irom those that exhaust the entirs crew compars- ¢
ment to those that exhaust the breech of individual weapons. -~ ik:
— b
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Figure 2.7. Cperation of a bora 2vacuator.
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2.2 PROPELLANT EXHAUST PRODUCTS UNDER AMBIENT CONDITIONS AND FROM
COMBUSTION CHAMBERS AND OTHER DEVICES

The major gaseous constituents identified in gun and rifle exhaust
are discussed from a general standpoint in Section 2.1. This portion of
the report focuses on specific studies that have examined exhaust pro-
ducts from a more detailed chemical or toxicological perspective. Since
combustion conditions influence product formation, the methods used to
generate and analyze the various constituents are described. The pro-
pellant formulations are also given if available.

The studies that are most relevant in terms of evaluating or iden-
tifying potential toxic hazards to personnel exposed to gun exhausts are
those that examine the composition under actual exposure conditions.
Analysis of ambient air in indoor rifle ranges falls in this category
and has been reviewed. Since it may be experimentally difficult to
examine exhaust products under all exposure conditions (especially in
the case of large-caliber weapons) some investigators have devised com-
bustion chambers to generate and collect the combustion products for
subsequent analysis. Confinement chambers also serve to concentrate the
samples, which facilitates the determination of trace constituents.
These studies are classified according to the conditions used for smoks
collection (i.e., atmospheric versus other environmental regimes).
Included in this discussion are a few reports on the characterization of
rocket exhausts. ' They have been added because they provide information
on methodology used for a complete chemical description or define some
problems encountered in analysis that may also pertain to gun propellant
exhaust. A final section of this chapter (2.-2.5) deals with reports
that have examined reactive intermediate species or methods of deter-
mining these species.

(3

2.2.. analvsis of Ambient Air in Indoor Firing Ranees

Various industrial hygiene studies have been conducted at firing
rang2s and indcer rifle ranges to determine personnel sxpesura levels =o
ammunizion cemoustion products during shooting exercises. In these
studias, samples are generally collectad by drawing ambient air, wi:zh

id e samp.ing pumps, zhrough acdsoroction tubes Or z2Criss
: i sarticulates or racorized srzanics.

% levels have been nonictored wizh
at indicats ambient levels. Low-molecular-
weignt org re n0¢ retainea osn adsorbent cartridges have sesn
coilaczed ed criinders, al:though this method does not provize
data cn exposure .evels over an extanded time period. 3oth zeneral ars::
c

and breathing zone samplias can be obrained; the latter are more rela
to inmnalation l=zwvals. Exposires ars, of course, cZ2pendent 91 loca.
exnaust ventilatioson and firing activizy,

Several »C the studies have been conducted oy the National Inszi-

tute Ior Cccupdcisnal Saf2czv and Heal=n (NIOSH) ind nave 2xsmined inor-
3ani: Lead 2xcosuras. The crimary scurse 5C l2ad ind dIner netals .o
ampisnt air in indoor ranges arises Irom wvaporizazion of zIne dulle:
tasas and dui.2I3. A omparison of _2ad 2miszsisns Irom L2aa vs zinc
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bullet ammunition (Lee 1982) at one indoor range showed that lead con-
m centrations can be reduced by at least a factor of 40 with the use of

-

zinc bullets. The range where the study was conducted was 75 ft long,
19 ft wide, and 8§ ft high. The ventilation system supplied 7000 cubic
feet of air per minute (cfm) and exhausted 520 cfm. Air flow at the

Y firing line was reported to be turbulent and erratic with velocities d
h ranging from 20 to 400 cfm. Breathing zone (BZ) samples were collected
e from guards during qualification exercises where 30 rounds of 100-grain A

sﬁ zinc wadcutter ammunition were fired in 5 to 10 min. Results for both
o lead and zinc determinations are shown in Table 2.11. The low concen-
trations for lead contrast to the time-weighted average (TWA) values

. (average 160 pg/m ) when lead target bullets have been used at the same
v range under similar conditions. Current Occupational Safety and Health
Administration (OSHA) environmental standards for lead and zinc oxide
(8-hr TWA) are 50 and 5,000 pg/m3, respectively.

-
‘—‘-
§El
-

Wadcutter ammunition has been reported to produce lead exposures
greater than OSHA standards while copper-jacketed controlled-expansiomn
) gﬁ bullets (CEBs) result in exposures significantly less than OSHA stan-

e

dards (Kronoveter 1983). The indoor range where this study was conduc-
ted was approximately 15 ft wide, 9 ft high, and 12 ft in length. A

o .. ventilation survey showed that 6,000 cfm of air was supplied and 6,700
2 hi' cfm was exhausted from the range. Results from personal air samples

o7 .  the range. P pLes
WL (shown in Table 2.12) indicate that lead levels decreased as the ammuni-
k . tion was changed to the controlled expansion bullets. An examination of :
C ii‘ four different weapon types also showed that a 0.38 caliber revolver .
<R produced the greatest concentration of airborne lead (1.66 mg/m ) and a
' 0.22 caliber rifle produced the least (0.20 mg/m ) (Gill and Madill

N 1981). The range surveyed was 80 ft long, 16 ft wide, and 12 ft high. !
7 =l The air intake and exhaust were 908 and 943 cfm, respectively. Firing
'y conditions, ammunition, and weapons used over the 5-day test survey ar2 ;
" described in Table 2.13. Air samples were collected from fixed loca- bt
: !: tions on the range and from the breathing zone of individual shooters. :
, The results show a significant increase in lead emissions for the 0.38 !
\ special. The increased firing rate and the difference in bullet weights \
’ <~ contribute to the difference in lead emissions from this weapon comp ; J

C
R

a
with either of the 0.22 caliber weapons. Compared with the 9-mm pist
* however, where the firing rates are the same and there is onlv a 21 &

-

cent raductior in bullet weight, a 2.3 times gra2acter lead :zmission was

] ;? still Zound for the 0.28 calider weapon. This difference was atirituc:z.
e " to basic weapon design. Samples were also collected and analyzed for l: '

- and NO2 in this study. The results indicated that concentrations did |

» - : - s+ Y .
A p;. not exceed the occupational exposure limit. The VO concentrations wete
W also below the detection limit of the method used :or analvsis (i.e., 2 4
5 ppm on Draeger ctubes).

l‘* L]
S ) . o ) :
SN The combustion products generated during tracer firing in an indcer d
o range have been characterized in detail (USAEHA 1934). Compounds founcz )
5 v in significant concentrations [i.e., at least 1/2 of the CSHA permiss:i- d
5 ™ ble exposure lavel (PEL) or threshold limiting value] were carbon morno:u- ¥

: ide, copper, lead, partisulaczes, and Iormaldehyde. Copper was cthe 2n.

. ’,
ﬁ . species found in zoncentrations exceeding the PEL. Other constituents

3 » > . I3 I3 ~ ¢
i: tgz determined but Ifound in low concentracions inciude NO, NO2, 3072, wvarisus \
% A elemental speciss, acetaldenvde, aromatic and alisratic hvdrocarbons. *
8 -

9
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TABLE 2.11. SAMPLING RESULTS FOR INORGANIC LEAD AND ZINC

Lead Zinc
Concentration Concentration
in pg/m3 in ug/m3
Location Sample Type Sampling Time (& 8-hr TWA) (& 8-hr TWA)
Booth 2 Guard BZ2 10:01-10:10 am N.D.b 300 (6)
Booth & Guard BZ 10:13-10:21 am N.D. 200 (3)
Booth 2 Guard BZ 10:20-10:30 am N.D. 1500 (10)
Booth 4 Guard BZ 10:30-10:30 am N.D. 200 (4)
Booth 2 Guard B2 10:40-10:45 anm 400 (&) 1500 (2)
Booth 4 Guard BZ 10:40-10:45 am N.D. 300 (3)
Booth 2 Area Sample 10:50-11:00 am N.D. 100
Booth & Area Sample 10:50-11:00 aam N.D. 5
Desk Rangemaster BZ 10:20-10:50 am 50 (3) 200 (10)
CSHA Standard {S-hour TWA) <Q 5000

a. BZ =~ Personal breathing zone sample.3
b. N.D. = nondetectable (about 200 pg/m” for a 10-min sample).

Adapted from Lee (1982).

TABLE 2.12. PERSONAL AIR SAMPLE RESULTS FOR LEAD

Air Concentrations

of Lead

. (sg/m3)
Sample Time Sample Description Ammunjition Type Actual 3-hr Twas
0847-1048 Range Master 790
1117-1214 Range Master 210 220
0847-0910 Shooter 1: Booth 1  Wadcutters® & CEBsC 1,600
0918-0933 Shooter 1: B8o0oth 2  Wadcutters 2,100 140
0847-0910 Shooter 2: 3oo0ch 2 Wadcucters & CEBs 830
0918-0933 Shooter 2: 3coth 1 Wadcutzers 2,100
1006-1019 Shooter 2: Booth 1 CEBs 650
1037-1048 Shooter 2: 3ocoth 2 CEBs 270 130
1006-1020 Shooter 3: 3coth 2 CE3s 549
L037-1047 Shooter 3: Zooth 1 CE3s 4350 23
LLis-1134 Shoocter <: 3oo0orh I £Z3s 280 i
LLl8-1L33 Shooter 3: 3coza I Z3s 120 o
1155-1215 Shooter &§: Booth 2 CE3s 180 3
1155-1215 Shooter 7: 3co0th 1 CEBs 280 2
OSHA Standare 20

a. Caleulates 3-ar cime weizntad average =xposures {is3umes Ia2r0 2XTosures

<hen outside oI the shooting range).

Y. Wadeutzer bullets - 13 Special. 148 zrain.

:. Zontroile< Ixpansion 2ullezs - 38 Special, 110 grain. ‘acketed nollow

poinc.

llote: Each shoocer used 3J rounds of ammunizion for sacn qualification
actamgt. The revoiver: used were igizh & wWesson, Modei L3, 3-.n.
barrei .. Series,, '3 3peciais.

adapted from <{rsnovecter .381;,
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TABLE 2.13. DESCRIPTION OF WEAPONS, AMMUNITION, AND FIRING CONDITIONS
FOR AN INDOOR RANGE STUDY

Weapons
0.22 Rifle

0.22 Revolver

0.38 Special

9-mm Pistol

-

Canadian Military Bolt Action,

Single Shot Rifle, 0.22 Caliber,
Barrel length - Approximately 23 in.

Colt Police Positive Revolver,

0.22 Caliber, Barrel Length - 6 in.

Smith and Wesson Revolver,
0.38 Special Caliber,

Barrel Length

Browning High Power, Caliber 9-mm

(Parabellum),

- 3 in..

Barrel Length - 4 5/8 in.

- Ammunition
oA
g . 2e . e s X -
» 0.22 Long Rifle Buliet Weight - 40 grains lead
ﬁ 0.38 Special Bullet Weight - 158 grains
Metal Point
N 9-mm (Parabellum) Bullet Weight - 125 grains
o Miltary Ball
‘u
" ‘ ) |
e Rate of firing and weight of bullets expended
l“"
|{f"
Iy Total Welighc
2ounds. hr Total Rounds >Z Rouncs  :
_
i%x
», .=
- D2.22 Revolver 2 480 1,122
’a) 0.22 Rifle 120 480 1,1=2
3
v
= 2-mm Piscol pE-10) 640 42,300
- 2. I8 Special ~30 5l 5,067
N
ll;
k2 Adap=a4 fSrom 311l and Madill L9811t
EB;
LI LTS, - - L TR P T T TR " - . e YRt E AT eTAR R . R
o, l".‘l‘q‘ .‘l‘-‘! n,‘l'n LS T N \_.‘l.l N . ‘l.t. , ", “. "*. Wy, .I. b X R .L. *‘v 2 f" . %'. " t\ﬂ‘J .. .'
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benzonitrile, oxygenated compounds, and chlorinated hydrocarbons.
Specific details regarding the analytical procedures used to identify or
quantitate these species were not given. Exhaust ventilation was
available at the weapons but was not studied in depth. To provide max-
imum protection of workers to the combustion” products, a ventilation
system that removes and prevents re-entry of contaminated air and provi-
des clean make-up air was recommended.

From these studies conducted in indoor ranges it is apparent that
the concentrations of various chemical species are dependent upon many
factors including the type of ammunition fired (e.g., Pb- vs. Zn- vs.
Cu-coated expansion bullets), the type of weapon or weapon design, the
overall firing activity or number of rounds fired per unit time, and the
ventilation available at the firing line. Differences in these factors
maxe it difficult to compare the individual studies. In at least one
case the ventilation rate was not even reported (USAEHA 1934). Samples
from the studies were also often analyzed for different compounds,
although all examined lead concentrations. Overall, the results do
indicate that significant levels of lead can be generated when lead bul-
lets are used as ammunition. These isvels can be reduced by using
or Cu-jacketed expansion bullets, For other species that may be present
(e.g., CO, Cu, parciculate matter) cthere have been too few studies tc
determine whether they may pose a significant exposure probliem.

2.2.2 Analvsis of Ambient Air in Crew Compartmencs of Armed Venicles

A limited number of reports are available on the analysis of emis-
sions from the firing of weapons in actual crew compartments of armed
vehicles. The data presented in these documents are varied, indicating
in some cases high concentrations of toxic compounds and in others v
low concentrations that would not pose any significant nealcth risk. The
studies do not provide a comprehensive examination of the compounds
present. The ccnditions under which the analyses were conducted are
also not well documented, making it difficult to compare results or
derive conclusions concerning the hazards associated with extosure.

Briel descripcions of the studies are given below.

sarbon moncxide levels 1ave been Measurec (o tpe cacins oL Ttne JE-
13 snd JH-47A nellizspters Zuring weaoons fi:.ng —de ané Snane 1?53
The UH-13 was =ziulippec witn an IM-21 irmament suDsTSIam Inal ISnIalns G
group of seven rocget tubes on each side of the aircraft anc a Genera.
Electric 30-calider minizun aounted above each roccxet tube. The CH-+"x
Chinook was equipped wiinh Iive interchangeable machine guns . 7.62-mm or

50-caiiber) mounted within zae cabin except Zor the barrels;, an M-:
40-mm grenace .auncher that s fired from the nose, and outboard mouncs
on each side oI :tae aircral: concaining a 20-mm :snnon. Informatic
the chemical compcsition of the propellants was not given in the re
Cardon aonoxide lavels wer2 ezarmined with colorimezric incizacing
tuoes and an MSA . mine afe:y anL-;nC&; carborn gnonoxide mecz:r.
werz :onducted wiih cabin loors opened and closed.  Sampi:s we
ted d2zIween the pilot and :zo- _L-OC s2acs and near the rear Icor
resuits on the JH-13 show :nac cthe aignest concsncirations arz ¢
immeaiacziv Zoilowing firing > zhe racxects. )
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was obtained after seven pairs of rockets had been fired but was cleared
in approximately 90 sec with the cabin doors open. The machine guns
were reported to produce less than 50 ppm of carbon monoxide. It should
be noted that information on ventilation or the number of rounds fired
and the rate of fire were not provided in the report. Results from the
Chinook are given in Table 2.14. The authors conclude that significant
contamination of the cabin atmosphere can result from the weapons
systems.

The toxic hazard due to weapons firing in the UH-1B helicopter was
reported by Hody (1969). Carbon monoxide levels were determined and
metal particulates were sampled during actual flight testing where
several thousand rounds of M-60 and minigun ammunition, 10 rounds of S-
11/M-22 wire-guided missile, and 42 pairs of 2.75-in. folding fin air-
craft rockets (FFARs) were fired. A continuous record of the carbon
monoxide concentration in the aircraft was obtained with a specially
constructed analyzer. Measurements were also made with colorimetric
indicating tubes. Metal particulates were collected on filter discs for
later analysis by atomic emission spectroscopy. Sampling probes were
placed on the pilot’'s shoulder harness and on the flight suit of a
rear-seat occupant. The maximum levels of carbon monoxide measured
during firing of the machine guns and wire-guided missiles are given in
Table 2.15 and the exposure associated with firing of the 2.75-in.
rocket is shown in Table 2.16. Firings with the doors opened were gen-
erally found to yield higher concentrations of carbon monoxide, although
for shorter time periods. It was also noted that changes in wind and
flight directions would be expected to produce large variations in con-
centrations from test to test, as the gas may be swcpt eiether into or
away from the cabin. Dose estimates for metal particulates (assuming a
mean pulmonary air flow of 30 L/min) are given in Table 2.17. The
overall results indicate that toxic levels of CO or metal particulates
were not present during practical mission profiles. Since low concen-
trations of CO were detected, however, it was advised that crew members
avoid exposure to other sources of toxic materials (e.g., tobacco smoke)
since the effects could be additive.

Schumaker anc Pollard (1977) measured the accumulation of toxic
gases In the the crew comparzment of the UH-60 helicopter resulting Zrom
the firing of two 7.42-mm machine guns under a variety of £liznc condi-
tions. As reprasentative examples of zases that coulc accumulacte In oo:
aircraft, carbon monoxide and nitrogen dioxide/nitric oxide were moni-
tored continucuslv. An con-board mass spectrometar was used to analyce
rapidly decaying toxic compounds. Samples were also collected for later
analvsis by a high resolution, high sensitivity mass spectrometer. The
number of rounds fired, ventilation (on or off), and airspeed (40 to 1.0
knots) were varied. Information on the location of the sample collec-
tion devices or Instrumentation in the aircraft was not provided in the
repor:t. Carbon monoxide ievels were found to range from ¢ to 20 ppm.
with the highest concentration present at the lowest airspeed (40
knots). Nitric oxide and nictrogen dioxide were not detected. Mass
spectrographic analvsis osn two separate grab samples collactad at the
lowest airspeed and with both guns at maximum firing rate provided :the
data shown in Tapie 2.18. Trace quantities of other compounds were
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TABLE 2.14. CARBON MONOXIDE LEVELS IN THE CH-47A CHINOOK CABIN -y
DURING WEAPONS FIRING —
53-‘ '
Approximate '
Carbon Monoxide Duration of e ®
Weapon Tested Sampling Location Concentration Contamination N\ ¢ A
(ppm) (seconds) e
M5 _ Cockpit and near 0 - :!:'1 )
ammo bet : AL
)
20 mm Cockpit 0 - - ,"
Right rear cabin 50-100 30-60 TN
Left rear cabin 0-50 30-60 )
0 i",
50 cal in pairs Cockpit % Y,
(except tail ramp) Right rear cabin Maximum Maximum ¢ |‘
Left rear cabin : 40 60 o
Right front cabin tg "
Left front cabin ‘
50-cal tail ramp Extreme rear cabin 40 60 . :.
alone ﬁ -
X%
7.62 mm in pairs Cockpit "
(except tail ramp) Right rear cabin v
Left rear cabin Maximum e Y
Right front cabin 140 40 :
. iy
Left front cabin ",q: o
e <
7.62-mm tail ramp X]
alone Extreme rear cabin 1,000 £0
(200 rounds) f":f; Er
P PR - S . e awmd ) YL A .
Adapted Irom Hodyv and Shane 125458). o "::
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TABLE 2.16. CARBON MONOXIDE EXPOSURE ASSOCIATED WITH
FIRING OF THE 2.75-in. FOLDING FIN AIRCRAFT ROCKET (FFAR)

Doors Open Doors Closed Units
Mean air concentration 25 50 ppm/pair?d
Standard deviation of 11 25 ppm/pair
above
Typical "dose" {concentration- 5 5 opm min/pair
time product)
Typical exposure after 240 240 ppm min
firing salvo of 48 pair
48-pair exposurs assuming 5,300 2,600 opm min
worst concentration and
longest exposure time
Permissible exposure 8,000 ppm min

(If received within
1 min)

a. Concentration related to the firing of a single rocket pair.

Adapced from Hody (1L969).
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TABLE 2.17. MINERAL AEROSOL INHALATION DURING VERY
ACTIVE 1-DAY ARMED HELICOPTER MISSION

Metal Dose (mg/day)
Lead 0.03
Copper 0.008
Magnesium 0.02
Aluminum 0.02
Silicon 0.03

A breathing rats of 30 L/min
is assumed for man.

Adapted from Hody (1969).
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TABLE 2.18. MASS SPECTROGRAPHIC ANALYSIS OF GASEOUS EMISSIONS o :;
FROM 7.62-mm MACHINE GUNS IN THE UH-60 HELICOPTER? &‘5
. IR
d
OSHA Standard Based on 8-Hr/ . €]
Day, 40 Hr/Week, Weighted .‘,7\‘ ’
Gas Sample 1 (ppm) Sample 2 (ppm) Exposure Level (ppm)2 3 e
N
NO None detected None detected 5 ;ﬁ ::
, G
NO? None detected None detected 5 wr :'
S02 24 8.5 5 . "
Y A
HCN 18 21.0 10 ﬁ b
2
H2sP 126 63.0 50 §
ror
N
a. Accuracy is % 25%. -
b. OSHA standards only allow one 10-min exposure of 50 ppm X2S in anv by
8-hr period as opposed to the other gases in the table, which are based oy :
on weighted averages. ﬁg >
s

Adapted from Schumaker and Pollard (1977).
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detected but could not be positively identified. It should be noted ‘
that hydrogen sulfide was found to exceed the OSHA maximum ceiling for a 2
10-min exposure. Sulfur dioxide and hydrogen cyanide were also present ]
in significant amounts, although for a one-time exposure they would not
exceed the 8-hr TWA values.

Yamazaki et al. (1974) measured the quantities of noxious gases .Q
(CO, NOx, and NH3) produced in tank gun turrets from the firing of 90-mn 2{

AN
;,',\,r ¥ .

antitank tracer projectiles used in Type 61 90-mm tank-mounted weapons.
Three different propellant formulations were used: a conventional
triple-base propeilant, a propellant mixed with DL-a-alanine as an ero-
sion control agent, and a propellant containing calcium pyroglutanaze a3

an erosion control agent. Gas measurements were conducted with Draeger -~
detection tubes. Samples were colleczed following the firing of five '
projectiles with sach propellant and with the tamk gun turrst hatcen »

closed with no ventilation and with forced ventilation. All cthree zro- otk
pellants were found to produce little or no noxious gases in the tank ‘gk
turret. Details regarding sample collection, location, and ventilation .g‘
were not given in the report. gt

2.2.3 Exhaust Products Determined from Test Chambers at Atmospheric
Conditions

T G0 &

Cue of the earliest reports zo provide any information on weapons
exhaustc was that of Scharf et al. (1967), in which data Zrom 7.62-mm and
0.5-in.-caliber macnhine guns were presented. These weapons are usec In
armed helicopters with semi-enclosed crew compartments. Combustion

products generated from the firing of these weapons may therefore

TP A S

present a toxic hazard to the crew. The composition of the propellants E%
and the charge weights for the weapons are given in Table 2.19. In thi:s Dy
study a tast stand was constructed to hold the weapous and accumulacte o
tne exhaust gases in a stainiess steel cylinder through wnich the Ny
weapons wera fired. All gas samples were obtained at atmospneric pres-
sure. The conternts of the cylinder were then sampled in evacuated con- hf
tainers or in a condensation train o
(I]) and mass scecIrometry - iS) }:f
with id 30 infrared sgectrom ::‘
lata arizus comsIit.enzs Ly
and is > LI smEonEnT Il ;
sounas seluce 130132 N
carbonyl su ie, pdenzene. acelvi ;%
.
The chemizal composizion of gases resleased Zrom the firing of X1-0 :i
rifles with M-924Z Zlechnec:zs rounas nas Jeen siuciad by Rwcenlio and i L
(1373 The composicion of zhe XM-2u4> Is given iIn Tabie 2.10 along wi:i:
the composizisn oI the primer. [z Ziffers Irom :caventiosna. Iounds .o \f
that it contains a fiderglass sabot and rubber gas seal. To collect = &f
2¢nausT zases the iz Was 2.ac2C 3’0 i IesST STind 41T The aul:s - o,
in a confinement :viinder L.l 2-m % .. [-a diamezer The Zar - :*,
crlinder was i ubber nemorane zhaz would all:iw 4
£lachenzas %) : 332 3Till nalntalin a zas seal.  lamg b
corieczed in aac v.ilacers and 5v drawing ine zases I it
f£inementc :vlinder thrsugn 1 :ondensation frain. Teo secs of w
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TABLE 2.19. AMMUNITION AND PROPELLANT DATA e 4
|
r l
Weapon 7.62-mm Caliber 0.50 2.75-in. 3
machine gun machine gun FFAR :'
Ammunition Cartridge, Cartridge, o
7.62 mm, NATO Caliber .50, '
Ball:M80 Ball:M33
-y
Propellant WC 846 WC 860 N-5 mt
Charge Weight 2.92 g 15.99 g 2.68 kg \
\
¢ Component m o:
WC 846 WC 860 N-5 ‘
¥
Nitrocellulose 82.51° 80.54% 49.7 8'@ J
% nitrogen 13.IZa 13.15a 12.6 -
Nicrogiycerin 9.86_ 8.797 35.2 " ;
Diphenylamine 0.97a 0.94 ‘}. .
Dinicrotoluene 0.57 e .
Grapnice 0.2 0.2 ’ }
Moiscure 0.62 1.13 C!'T] -
Volatiles 0.37a 0. 74 o
Dibutylphthalate 5.07 8.11 - N
Diethylphthalate 10.5 ‘{
2-nitrodiphenylamine 2.0 .\.\: N
Wax a 0.2 TN
Sodium sulfate 0.072 0.12 _
Calcium carbonata 0.622 0.&9: "‘i‘
Potassium nitrate 0.73 ]
Lead salicylate 1.3 Y,
Lead l-sthylhexoate A S
&
a. Xeported vn 2 vo.atllss-Irae basis
Acdzzrmad Ifzom Zonazi et ozl AT zs osizad in o Stiafel and Hody LETT U,
\
L
N
-"-‘ .
:~'." :
N
o
Sy
4
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)
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Table 2.20. COMPOSITION OF XM-645 PROPELLANT?@

Component . Ve 3 $ of total wtP N
Nitrocellulose 85.0 82.6 &
Nitroglycerin 9.4 9.1 :
Diphenylamine 0.9 0.88
Dinitrotoluene 0.7 0.68 ¥
Dibutylphthalate 2.8 2.7 ]
Potassium sulfate 0.5 0.48 .
Moisture & volatiles 0.7 0.68 ‘
Weight = 1.3 g

Composition of Primer?
Lead styphnate 37 5 1.02 ;
Tetrazene 4 =1 0.11 ;
Barium nitrate 312%5 0.89 1
Antimony sulfide 15 £ 2 0.41
- Aluminum powder 71 0.19 - W
PETN 51 0.14
Weight = 0.037 g 2.8 !
Totalb 1.337 g 100% ‘
a. Nominal composition. 3
b. Total weignh:z of propeliant and %
primer.
Adapted from Rocchio and May (1972).
s
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(12 rounds each) were used to obtair samples. Analyses were conducted
by gas chromatography (GC) and gas chromatography-mass spectrometry
(GC-Ms).

The concentrations of constituents determined are given in Table
2.21. Other gases (NO, N_O) were detected but could not be quantitated
because of their low concentrations. Carbon monoxide was identified as
the major exhaust component of toxicological importance due to its
elevated concentration. Cyanogen and carbonyl sulfide (other toxic con-
stituents) were found to be present at <0.1 percent of the CO concentra-
tion. It should be noted that analyses were restricted to uncondensed
gaseous species. Higher-molecular-weight organics that may be present
in the aderosol were not analyzed. In this study the combustion products
determined experimentally were also compared with products predicted
from equilibrium thermodynamic calculations. Values for €02, COS, and
CHy4 concentrations were found to agree with theory, while calculations
indicated that significant amounts of H2S, HCN, S02, and NH3 should hav
been formed, though these were not determined experimentally. The
measured concentration of (CN)2 was also much greater than the calcula-
ted results indicated. The theoretical predictions are discussed in
greater detail in the following section (2.3).

Wohlford and Sheets (1971) measured carbon monoxide levels from the
firing of small arms automatic weapons in a closed 63-ft3 test chamber.
Weapons tested were the H60C, M6OE2, M219, M85, M2HB, M37, Mle, Ml4,
XM207E1l, and M134. Measurements were made with on-line carbon monoxide
analyzers. The report provides extensive data on concentration levels
from the firing of these weapons under a variety of conditions including
the position and mounting of the weapons in the chamber, total number of
rounds fired, and the firing rate. Overall, the data were correlated to
show that the amount of gas expelled from the firing of a weapon of a
given caliber is a function of dwell time--the time from the primer ini-
tiation to complete unlocking of the bolt.

The combustion produc:ts formed from firing an M16 and 2 105-mm
caliber gun were examined by Ase et al, (1985) to identify chemical
species present in the gas and particulate phase. Samples £rom the
rifls were obtzined from an enclosed zest chamber through which the
Weapon was and exhaus:ts Irom zthe 103-mm zun were obtained >¥
drawing samp.es Int eracuated crlinder through a probe placed in:
the breech end of the gun following firing. Purified air was used %o
pressurize the 415 chamber and to provide make-up gas as the samples
wWwere withdrawn. Uniform mixing and exponential dilution were assumed.
The composition of the propellants and primer or igniter used in this
study are shown in Table 2.22. Analyses were conducted for a variety
chemical compounds including the major gaseous constituencs, H2S, =HCU.
metal particuiates, polvaromatic hydrocarbons (PiHs), and trace volatile
compcounds. The FiHs wers solvent extracted from Zilters on wnich therw
were collected and analvzed b5y HPLC and GC-MS. Trace volatiles wer=
colisczed on Tz2nax adsorben:t cartridges and analvzed by 32-MS,

Cuantitative data wers presented for 14 wvoiatile compounds detec:z::
in the M16 and LC5.-mm gun 2xhausts [see Table 2.22). This lListing
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;' i TABLE 2.21. EXHAUST GASES DETERMINED FROM THE FIRING OF
; m XM-19 RIFLES WiTH XM-645 FLECHETITE ROUNDS

o
s Concentration (ppm) b
- @ Component Relative to Air2 R
iy
:‘ Carbon monoxide 15,500 (1000)
N g:{‘ Carbon dioxide 5,500 355
[}
L Cyanogen 4 0.25
] Carbonyl sulfide 4 0.25
d @ Methane 21 1
0
:: 0 Acetylene + ethylene 19 1
A % Propene 15 1
:". Propane <1 <2.1

e

ﬁ}' Allene or propyne <1 <0.1
L
s: a. From 12 rounds in containment vessel.
0 b. R_ = (concentration of component/concentration of CC)
. x 103,
l' -

Adapted from Rocchio and May (1973).
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TABLE 2.22. COMPOSITION OF PROPELLANT AND PRIMER OR IGNITER FOR THE
M-16 RIFLE AND 105-mm CALIBER GUN

M-16 Propellant

(5.56-mm Ammunition, Primer
O0lin WC 844, 1.65 g)
Components Weight % Components Weight %
Nitrogen in Lead styphnate 35 %5
nitrocellulose 13.05-13.20 Tetrazene 4 1
Graphite 0.4 Barium nitrate 12 £5
Sodium sulfate 0.5 Antimony sulfide 15 2
Calcium carbonate 0.2 Al powder 71
Nitroglycerin 8.0-11.0 PETN 51
Diphenylamine 0.75-1.50 Organic binder Small
Dibutylphthalate 3.0-5.0
Total volatiles <2.0
Nitrocellulose Balarnce
105-mm-Caliber Gun Igniter
Propellanc (12 1b) (M-83, 0.07 1b)
Components Weight % Components Weight %
Nitrocéllulose 28.55 ’ Nitrocellulose 60.0
Nitrogen in Black powder? 40.0
nitrocellulose 12.6
Nitroglycerin 22.23
Nizroguanidine 47 .00
Cryolice 0.31
Ethyl centralite 1.54
Ecthanol 0.24
Cardon D.13
a. The specifi:z composizisn of cthe unmmixed diack zowder was nocs
delinec. 3lacx jowder zomoesitlions Ivzicallv Li2 In cthe Isllcwirg
TETZ2S: INATYITaL. _e-.1%: zullur, L3-03%: and zozassium or zodium
nizrace, 70-743%. The composizion and amount of primer were nct

-
]

given. The primer mass wcul.d probably de <C.1 z and would have a
negligible impacc on the overall combustion product distritbucion.

Adas=24 from ise 2z al. “12835).
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includes a wide variety of organic compounds (e.g., nitriles, a nitro-
samine, heterocyclic aromatics, aromatics, aliphatic hydrocarbons, sul- —a B
fur compounds, etc.). Considerable variability in concentration was e
found from the different analyses as evident from the standard devia- N
tions. This is likely due to the sampling and analytical methodology. - 3
For example, it is unlikely that carbon disulfide would be quantita- Eg’ ne
tively retained on Tenax or that chromatographic conditions were optimu:m: 'ﬁ
for analyzing each of these compounds. Qualitative analysis by GC-MS
led to the identification of an additional 70 to 90 organic compounds. v b
A number of PAHs were also detected in the M16 exhaust. Four of these oo .
(fluoranthene, pyrene, benz[a]anthracene, and chrysene) were found at }5
concentrations significantly greater than the blank values. 1Inhalable o b
metal particulates (i.,e., particle diameters <10 um) determined from the o ;*
M16 included Sb, As, Ba, Cu, Pb, and Zn. The authors note that Sb, Pb, !

and Ba are constituents of the primer and that copper-plated slugs wersz
used in the ammunition. Erosion of the brass bullet case was the proba-
ble source of zinc particulates. Overall the authors conclude that many
of the species identified are toxic (at some concentration level) and
present the potential for adverse health effects if personnel are
exposed for extended periods to these combustion products. A more
detailed description of this work was presented in the report by Snelson
et al. (1983), and is summarized in Appendix A.

-
-
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EXL AL

Johnson et al. (1983) examined the products from the detonation of W
trinitrotoluene in air and in nitrogen at atmospheric pressure. The i ﬂ
nitrogen atmosphere simulates underwater detonation. Relatively large L
quantities of TNT (approximately 1.5 kg) were exploded in steel chambers o g
(35 m3 or larger). Samples were collected on adsorbent cartridges or 0
cold traps and analyzed by GC-MS. Despite sampling and analytical dif- ' ﬁ
ficulties, a number of high-molecular-weight compounds were identified. Q, :%
Berzonitrile, naphthalene, dinitrotoluene, trinitrotoluene, and ' '
phenanthrene were detected in both air and nitrogen atmospheres. Higher X
percentages of particulates and nonvolatile compounds were found from -,
the detonations in nitrogen as compared to air. This result would be R
predicted for incomplete combustion in nitrogen. 'ﬁ

W

Some compositional information on the particulate residue remainin: ﬁ$ :
following the Ziring of black and smoxsliess powcders has Daen obtainesz '
from Iorensic stucies (Yinmon and 2i:trin 1981). 3olid deccmposicion il
products are zrimarily carSonaceous carticles, nizrites, and nitrazas. A
Metals originating from the primer may also be present. A variety of B
analytical methods including colorimetry, atomic absorption, neutron .. T
activacion analysis, electron microscopy with energy-dispersive X-rav 35- o
anaivsis, and X-ray fluorescence and iluminescence have been used o e« v
examine metallic residues. Nitrates and nitrites have been determirec A
by c¢olor reac:tions and orzanic residues have been examined dv 3C, MS. :x: y”
thin-layer chromatography (TLC), or by colorime:sric procecures. I o

e

Cverall, the studies conduccted in test chambers indicate zhat gun PRI
exhaust is a hignly compisx mixture :f compounas. whereas zhe studi=s foa
corcucted in Incdoor firing ranges or 2anclosed :r2w comparimenis princ. - -
paiiy focused on gaseous species and mezais, tnese studies orovide . :
compositional Infaormation »n nigher-molecular-weiznt compcunds. Ji‘ 0
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Most notably, from a toxicological standpoint, aromatic and polycyclic
aromatics were detected. Again, there are insufficient data (especially
quantitative daca) to determine the significance of some of the fin-
dings. Additional studies are certainly required to validate the
results and to enable extrapolations from the test chamber environment
to acutal field conditions.

2.2.4 Exhaust Products Generated in Test Chambers Under Non-atmospheric
Conditions

It should be noted in the following discussion that external condi-
tions (pressure, temperature, enviromment) affect combustion processes
that in turn influence the composition of the final combustion products.
A closed or sealed vessel, for example, will limit the amount of oxygen
availabie for combustion, which could result in incomplete oxidation of
the products and a higher concentration of carbon monoxide than would be
expected if the propellant were burned in the open atmosphere.

The toxic gases produced by propellant acruaced devices in aircrai:
escape systems were investigated by Stiefel and VanArtsdalen (1965).
The propellants examined and the exhaust gases they generate are listed
in Table 2.24. Mixtures of boron and potassium nitrate or barium
nitrate and zirconium were used as igniters. XM87 initiator or XM172
cartridge housings were used to contain the various propellant igniter
combinations in firing tests. The devices were placed in an enclosed
container which was then evacuated to collect the exhaust gases.
Samples were then taken from the container in evacuated glass bulbs for
analysis by mass spectrometry. To assure that the propellants burned
correctly, ballistics data were also recorded.

Large concentrations of carbon monoxide wera generated with the HES
6405, HES 6635, and AMOCO 14 and 15 charges. It should also be noted
that the ammonium and potassium perchlorate propellants did not producs
any measurable gquantities of chlorine gas or hydrogen chloride. These
compounds were Selieved %o r2act wich potassium £rom the potassium
nitrazs to form soiid potassium chloride or wicth che metal in the
apparatus. The effects of the igniters on the combustion oroducts wers
found o be dependent upon Ine propellanc used. <Zlarbon moroxide concsm-
trazions. for axamoies, wers raducad when HES 5372 was used - 2 the
borsn, zotassium niztrata {znizer and when AMOCD 14 was used viza ¢
zirconium-containing igniter. The other toxic gas detected Iin scme svs-
tems was nitric oxide. The authors note that this gas remained scablz
in the sampling Suibs due to the exclusion of air. In the acmosphers,
NO is converted :o NO2 which can react furcther wizh oxygen ana moiscurs
to form nitrous and nitric acids. The composition of the exnaust prs-
ducts was also dezazrmined 5v computatisnal analvsis. These rasult arvs
discussed in greater detail in the following section (2.3).

wenchitz et al. (1974, conducted high-pressure {(to 130,200 psi;
combustion studiss on singl.e-, double-, and triple-base oropeilancs
(M13. T-283, and T-la. vresgecctivelw). These scudias ire {mvorstanc
because of their aopiicabilicy to nigh-velocitv zuns. Experiments wers
conduczsd in 3 aigh-pressurz closed vessel and zases proacucaa followin:



TABLE 2.24. GASES PRCDUCED BY PROPELLANT IGNITER MIXTURES IN AIRCRAFT ESCAPE SYSTEMS

Propellant Igniter

! HES 5808 Ammonium perchlorate/cellulose acetate A 157 B-85% KNO3 “ ’:

! HES 6405 Ammonium perchlorate/hycar B 102 B-907 KNOj3 X

: HES 6573 Potassium perchlorate/hycar Cc 412 Zr-58% Ba(NC3)2 \'."i; A

N HES 6635 Ammonium perchlorate D 252 Zr-75% Ba(lNOa3l» g:s',

d AMOCO No. 14 Ammonium nitrate/cellulose acetate (proprietary) E U.S. Flare 2K i b,
AMOCO No. 15 Armonium nitrate/cellulose acetate (proprietary) F 457 KNO3 0[
AMOCO P-1 Ammonium nitrate/binder (proprietary) 207 2r-307 Ba(NC3)2-52 3 .- '
AMOCO P-1A Ammonium nitrate/binder (proprietary) G U.S. Flare 2D :'ﬂ AN
AMOCO P-1B Ammonium nitrate/binder (proprietary) ».:'ﬂ

Concentration (percent)

NO

a
[o]

CHq

Propellant

23
M)

Q
N

Igniter jeiel,) N20

4
~

L

"~
[#)
w»
rt
7

4ES $808 EY 0.5 3.3 3.3 0.3 413 1.2 2.5 Trace
HES 5508 4 0.0 0.1 0.8 0.4 43.5 3.8 1.4 Trace y
4 HES 5808 A 0.2 58.5 0.3 0.3 37.8 4.3 0.7 Trace X ‘.::
HES 5808 B 0.0 s1.2 0.0 0.8 41.6 6.4 0.1  Trace R
; HES 5808 B 0.0 55.3 0.6 0.7 38.4 3.8 1.2 Trace :l‘
N HES 5808 3 0.5 53.5 0.4 0.8 42.8 4.5 0.7  Trace e
' o ."
. HES 5308 < 0.0 s0.r 2.5 0.5 0.9 33.8 <l.s L.l Trace &‘-‘ ,
HES 5308 < 0.0 52.3 1.7 0.0 e1r 3.t 1.1 Trace *
, HES 5808 < 0.0 &.: 2.1 0.3 0.5 29.3 0.0 1.7 Trace .
b
' HES 6405 5 §.7 5.7 5.2 3.0 1.2 .1 Trace W N
' HES 5405 3 4.1 563 2.2 5.3 3.8 0.5 1.3 Trace oW
8ES 5405 3 8.2 47.3 7.4 33.3 2.1 3.7 Trace VOV 14
HES 6573 8 1.2 9.5 0.3 15.2 8.4 5.4 Trace
EES 8573 3 9.0 §7.2 0.9 6.L 5.5 5.4 Trace O,
HES 6573 3 0.8 787 0.2 1.1 6.0 2.5 Trace
. HES 6573 £ 4.5 671 0.3 13.9 8.1 6.1 Trace A3
HES 6573 F 4.5 73.3 0.2 12.6 8.1 1.1 Trace )
HES 6573 F 1.9 89.4 0.5 15.5 8.7 4.0 Trace g ;
HES 5573 Fa 3.9 67.3 0.3 16.8 4.7 s.3 ¢ f.;j -
3E5 5573 ra 2.1 8a.4 0.2 13.6 6.1 ERE T T L
HES £573 Fa 1.3 el 3.3 25.2  «.5 z.0 3.t
¥zs Fa 2.3 70.3 9.1 2.1 3.0 EN R B i
Fo 65.0 0.1 21.3 6.5 8.5 0.1 3‘7{ 4
! o 2.4 845 0.1 22.4 5.8 4.5 0.1 - y
K = 32 519 2.7 22.8 2.0 3.3 7.1
£2 3.0 380 3.2 9.3 i S P i s
£: 3.5 L2 0.1 19.7 .2 <3 3.t Ny
-a - 22 - A~ L . .~ - - VNN
2 LT B 3.2 3.3 .3 1ot s ‘
< 2 . 2 103 2 Y
2.3 120 .3 201 13 52 1z =
e L 3.2 i3 32 7. 3 L3 Toace ) b :';
o 3¢ 9.1 2.3 2.2 5.8 39.2 0.1 1.2 .t Trace i 1
14 32 21,3 2. 153 6.5 .2 Lo Trace
AMOCS No. 14 2 3.3 8.5 21.3 5.2 L4 35«3 Trace o '!
4TS el s M P 3.3 .7 0.3 2.3 it Traca (& 5,
AMCCS ¥e 4 o 2030227 15 a3 9.6 a3.. 3L LL I Trac .=

X

o y\"~l‘ '-r r..r‘r\r\r%, LN e t".'.'_-r r.'f~f‘ _i'.‘ -'\f'.h.‘ r,\;.» VT e T -r\v* i\r\ ..\‘ Wy W !‘.\\ Cavl 4
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TABLE 2.24. GASES PRODUCED BY PROPELLANT IGNITER MIXTURES IN AIRCRAFT ESCAPE SYSTEMS (cont'd) :.:
. )
(R}
ﬁ Concentration (percent) |:l
: : 4
O"
Propellant Igniter CO €Oz  N20  Hg NO N2 02 CHy 420 Ar !
&’f AMOCO No. 15 - Bd 4.3 31.4 9.4 53.1 1.3 .5 Trace e
AMOCO No. 15 Bd 4.1 32.0 9.4 53.5 0.3 4.0 0.5 Trace ,':
(,"" AMOCO No. 15 3d 2.3 28.6 5.7 54.7 3.1 0.6 Trace .:‘,
M L8
t:ﬁf AMOCO P-1 3d 26,2 1.2 0.5 60.5 6.9 7.9 Trace 33
' AMOCO P-1 5d 30.2 0.4 §7.1 7.8 3.5 Trace !:!
AMCCO 2-1 3d 0.6 26.4 0.2 60.3 8.7 3.3 Trace
. ¢
ﬁ AMOCO P-:A Fd 2.2 235 0.3 66.1 5.8 1.2 Trace ‘.:‘:
- . AMOCO P-1A Fd 1.3 26.86 63.8 3.1 3.2 Trace ,:,’.
AMOCO P-1A Fd 1.8 24.6 0.1 64.5 7.2 1.8 0.1 " 0N
A% AMOCOD P-iA Fd 0.5 25.2 0.1 65.5 7.5 1.1 Trace "a:."
]
ra.‘ AMOCO P-18 Fe : 25.1 0.3 10.5 62.7 Trace 0.6 0.9 0.1 1o,
AMOCO P-1 Fe 26.0 0.2 6.9 65.0 3.5 j
- AMCCO 2-13 Fe 26.4 Trace 7.7 4.7 Trace 1.2 o
S -
Q%. AMOCO 2-13 De 23.5 7.3 631 . 5.9 0t )
AR,
AMOCO ?-13 e 24.3 0.2 9.3 61.5 9.3 0.3 4.1 l‘::
AMOCO 7-13 Te 25.0 6.6 65.3 2.8 ":‘
o
ﬁ ¥ES §573 c 7.1 68.7 1.9 12.8 2. 7.2
HES 6573 c s 21.5 0.4 $8.8  14.7 3.2
HES 6573 c 72.2 1.7 18,1 2.4 & '\
o ; P
oy HES 6573 o 4.5 75.4 1.2 0.6 14.0 1. 1.7 N
Lo, HES 5573 o} sS4 72,4 2.9 14.0 2.3 2.7 (Y
I\
HES £625% 3 2.0 18.: 0.4 17.7 3.4 25 4.5 3.2 o~
HES €635 2 36.0 337 17.7 0.% 0.3 4.3 Trace
. HES 6635 3 17.0  51.5 0.6 10.5 0.4 0.5 9.0 1
L]
None H 2.9 3. 6.7 3.8 1.3 3.2 tx'-
e, Yone z 38.2 2 .9 2. taon2 o
¥ !
!::_-:, Nor. < 21.5 1.8 33.3 0.1 38.1 2.2 15 1.2 74
None z 3.7 1 3T 11 36.2 sz PRI - hat
— en : 233 b Il 3.2 el b LI L )
S
:.‘j 53 f203¢ : PR 33 3.1 W23 3 i~
e HES 18081 : 2.2 &1 3 5.5 23 Ry
\‘,‘
.. HES 55737 < 0.9 70.3 7.3 9.3 )
.-:. HES 6573f z 2.2 72.3 3.0 17.8 - K
‘:.-
a, With amincguanidine zardenate :coiant.
nes 5. Witk Telamine <sclans. K}
:-" . With cxamide cooiant. A
S d. 0.2 gram of HES %223 added as .znition aid. »
e. ) 1S gzam of HES 3573 aaded 2s n .znizion aid. &
A . 8.2 g-aums propeilant ised. ': !
_r‘"( NQTES: Igniter we:izat ~as 1 7 2 in aill cases except that 2.4 grams w~as used Isr U 3. Tlare IX ‘)
. and J.3. Flaze 1D, Frove.lant welahl was [ 3 except :n the case 3f IZS €572, w~neze I 3 3 was 5
ised "
LY
:Y: Adapted f:om Stiefel inc VanArisdaien ,1365). » Q:
3y S ."f
- P
’ ks P
Y &7
%)
i
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-
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firings were analyzed by MS. The data showed that the concentration of
H2 and CO decreased with loading density for all three formulations.

For the- T-34 propellant, CO2, H20, and CH4 were significantly correlated
(at the 5 percent level) with density but were found to increase in con-
centration. These changes may cause increased heats of reaction and
variations in flame temperature that could affect the composition or
concentration of other products. Table 2.25 shows the results for CHs,
H2, CO, CO2, and H20 expressed in moles/g as a function of loading
density.

Patrick and Floyd (1976) compared the gaseous by-products generated
from a triaminoguanidine nitrate (TAGN) gun propellant with those produ-
ced from standard nitrocellulose (NC) based propellants, with the objec-
tive of identifying potential hazards to personnel exposed to these
gases during testing or actual firing conditions. The TAGN-containing
propellant (RGP-150, Rocketdyne) was an experimental formulation pro-
posed for use in weapon systems using high-density, armor-piercing
penetrators. The formulations of all the propellants investigated in
this study are given in Table 2.26. They were burned in a Parr Adizba-
tic Calorimeter at atmospheric pressure and also at high pressures in an
impulse bomb (Technoproducts Model 601) (i.e., approximately 12,000 and
28,000 psi to simulate conditions during firing of an actual weapon).
Samples were collected in evacuated stainless steel cylinders and
analyzed by gas chromatography using a thermal conductivity detector
(TCD). The results of the study are presented in Table 2.27. Signifi-
cant quantities of carbon monoxide and methane were produced by all the
formulations at elevated -pressures (up to 60 and 12 percent, respec-
tively). Deflagration at atmospheric pressures resulted in less carbon
monoxide and methane, which can be attributed to the greater amount of
oxygen available for more complete combustion of the propellant
ingredients. Qualitatively the various formulations produced similar
products with the exception of the triple-base propellant, which, in
addition to the major components, also produced small amounts of
ethylene and nitrous oxide. Quantitative differences were explained as
resulting from the increased nitrogen content and reduced oxygen availa-
bility in some formulations, promoting nitrogen and methane formation.
Overall, when these propellants are used in actual firing sicuations,
the auchors beliszve that :the gases produced should be considered haczar-
dous /'Dased upon the amount of carbon monoxide and methane present: in
confined areazs .acking venzilation to dissipate concentrations to per-
missible levels.

Lenchitz et al. (1965) examined the effects of TiO2-wax additives
for zun propellants on ercsion reduction. M-2 and T-36 propellants ccon-
taining Ti02, paraffin wax, or both were burned in a closed bomb. The
quantizy of gas evolved and C0-to-CO2 ratios were measured co indica:ze
changes in chemistry resulting from the additives. The wax was found to
interac: with the propellant gases, resulting In an increase in CO-to-
C02 ratios, recucing the neat of explosion but increasing the volume of
gas produced; TiJ2 showed no effectcs on the chemistry based upon the
experinents performed. The TiO2-wax mixture gave results similar t»
those from wax alone.
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TABLE 2.25. ANALYSIS OF COMBUSTION PRODUCTS OF M-10, 2
Q T-20, AND T-34 PROPELLANTS 7y
- Loading Concentration (Moles/g of propellant) .t‘;
, Density :::
@ g/cm3 CHs4 H2 co C0? H20 :::?
Ul
Single-Base Propellant (M-10) '»}
Q 0.10 0.692 8.052 13.189 7.425 5.082 '
0.20 0.775 4.174  13.129 8.841 7.355 >4
' 0.25 0.789 6.739 12.820 12.774 1.124 N
“ 0.30 0.860  5.540 11.162  13.673  2.869 ]
o 0.32 1.220 5.211 9.412 11.463 5.078 Y
0.3¢ 1.059 4,093  7.113 9.413  12.028 "'
- 0.36 1.331 4.053 7.710 11.974 8.093 -
% 0.38 1.219 3.547 6.735 11.197  10.588 .':::
1 '.
Double-Base Propellant (T-20) ‘:',:
ﬁ 0.15 0.742  7.502  13.349 7.787 5.608 o
0.20 1.824 5.861 13.460 9.205 2.473 [}
- 0.24 2.032 6.672 11.853 7.789 4.360 \
e 0.27 1.234 3.895 7.257 6.048  15.569
v 0.32 2.049  4.012  8.659 8.948  3.703 v
0.42 0.827 3.515 7.502 12.050  10.922 #'}g
ﬁ Triple-Base Propellant (T-34) -
0.05  1.06 12.99 10.308 " 3.554 0.0 .;::
) 0.10 1.069 11.23 12.43 4.431 0.58 e
o 0.1 0.99¢ 11.25  11.02 5.603  1.51
0.20 1.412 9.016 9.368 3.308 3.06 .
0.25 1.309 7.689 7.870 3.840 A 8
g 0.30 1.593 6.546 7.784 5.909 8.05 bV
) 0.36 1.667 5.403 6.447 8.211 7.81 b
9.52 1.43%4 4,185 5.029 3.27 13,37 KN
e )
o 0.453  2.852  3.750  4.822 6074 3.2 I
s R
o
Acdapcted Irom lLenchicz esc al. (1274},
.":-.' :\.
o
:..'-'I '(“-
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TABLE 2.26. COMPOSITION OF NITROCELLULOSE-BASED PROPELLANTS AND
TAGN EXPERIMENTAL FORMULATION
Propellant Chemical Composition Percent
of Total
Hercules’ Nitrocellulose (NC) 82.30
Extract Nitroglycerin (NG) 9.37
Dibutylphthalate (DBP) 4.17
Diphenylamine (DPA) 0.54
Potassium nitrate (KNO3) 0.56
Hercote (C5.142H8.7501.838) 3.06
Rocketdyne'’s Nitrocellulose (NC) 19.00
RGP-150 Triaminoguanidine nicrate (TaGN) 45.00
Cyclotetramethylene tetranitramine (HMX) 30.00
Isodecyl pelargonate (IDP) 5.00
Resorcinol 1.00
M-10 Nitrocellulose (NC) 97.40
Diphenylamine (DPA) 1.00
Graphite glaze 0.10
Carbon black 0.50
Potassium sulfate {(X2504) 1.90
Triple Base Nitrocellulose (NC) 28.04
Nitroglycerin (NG) 20.12
Ethylcellulose (EC) 1.00
Potassium sulfate (K2504) 0.25
Nitroguanidine (NG) 50.59
WC-870 Nitroceliulose (NC) 30.23
Nitroglycerin (NG) 9.66
Diphenylamine (DPA) 1.06
Potassium nitrate XN03) 0.3
Dibucvipnchalacze (CB2) PN
Potassium sulfate (X3504) J3.38
ODinizrszoiuene U7 2LE2
Calcium zarbonase " all3) PR
Sodiam s:lZate (Navsda JID
Graphice ' VY
Adapcad from Pacrick and Tlovd (19746).
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Tompa (1985) examined the combustion products of three conventional
propellants and three low vulnerability ammunitions (LOVAs). The
materials were combusted in a bomb calorimeter and trace (ppm) level
gaseous products were analyzed by GC-MS. 1In addition to the experimen-
tal work, theoretical compositions were calculated using a thermochemi-
cal computer program (discussed in Section 2.3). Details regarding the
sampling and analytical methodology were not provided nor were the com-
positions of the various propellants given. Carbon monoxide was identi-
fied as the toxic product generated in the greatest concentration.
Hydrogen sulfide and carbonyl sulfide were found in some formulations
containing potassium sulfate, and hydrogen cyanide was detected in some

LOVA compositions. The theoretical analysis predicted a number of other

species.

Propellants used in the large solid rocket and Sprint missiles were
combusted under laboratory conditions to chemically characterize the
exhaust gases (Nole and Moss 1966). The work was conducted to demon-
strate that propellants can be fired on a laboratory scale to evaluate
potential toxic hazards. Although the study examines rocket propel-
lants, the methodology, especially that of sample collection and precon-
centration, may also provide information useful for analysis of gun
exhaust in combustion chambers. Approximately 50-gram sampies of th
rocket propellants were burned in a Crawford bomb. The gases that were
generated were then concentrated by passing them through successive
traps at dry ice-acetone and liquid nitrogen temperatures. Analyses
were conducted by GC using a flame ionization detector and MS. The
major constituent was found to be C02. Smaller amounts of water, HCI,
COS, and CS2 (present only in the Sprint propellant containing sulfur)
and trace levels of organic compounds were also detected. Attempts to
identify these organics were only partially successful since they could
not be fully resolved from the water and CO2 present in the samples
using standard gas chromatoraphic techniques. Efforts to remove these
major constituents allowed some additional determinations for 10 com-
pounds ranging from methane to pentane. This technique was not entirelw
satisfactory, however, since it also resulted in the removal of some
orgarics. The most difficult task for performing trace organic dete
mirations was separation of the compounds from the interfering effe
of H2C. HCl, and 202. The use of cryogenic techniques did allow th
separation of the materials into dry ilce-acetone, liquid nizrogen, :
ncneconcensibilz Iractioms. It also provided a 3-Zold and 107-fold ct
centration factor for the liquid nitrogen and dry-ice acetone frac::i
respectively, permitting identification for some of the constituents.

It snould be noted that sorbent resins are available today to concen-
lrate organic ~vapor phase samples without retencion of major

gases (see Secction 3)., This would eliminate some of the problems
encountered in this study. A complete list of the compounds that wer:
identified and their estimated concentraticns is given in Table 2.28.
The :cnciusion drawn by the authors based upon their findings was cha:

' sncentration of the organics released in an actual test firing will
e exzremelv smail. No actual toxicicy data were provided in the
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TABLE 2.28. COMPOUNDS 1IDENTIFIED IN SPRINT
ﬁ AND LARGE SOLID ROCKET COMBUSTION GASES
Estimated Concentrationd
) Compound _ S
(s Large Solid Rocket Sprint
et e
C0O2 5.2% 7.9%
ﬂ H20 X X
g
HC1 X X

CHa 0.1% 0.2%

m
'
b

N

ig

3

m

"

) :
rsﬁ Propane X <

Propviene X X
-
>
b-l 8utare X "
Butvlene X X
3 v
) Isobutzare X «
Perntane X K
ﬂ Hexane x <
: Heptane X X
e Dioxane X X
[N .,
A Banzene 1l ppm .~ oom
Toluene X J.. zgm
AT 3-mechyl-1-hexene 0.8 ppm X
2-methv.-2-butene 7 ppm L3 pom
e
[ ~A N
28 TH2IL: X
b d
Irioinexans  9pm gl
.P,-»’ Trrtoone L sLalTl e (4
Ay . o
~ Jarson Gisu.cllue <
i Sulliz aloxiiz <
»
& Hvorozen su.ille <
J a -IoncenIsiIlon wWas t0T 2sTimazic
37
) - . . -
S ~sdaoted Ircm MNoie and Moss 1964
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Goshgarian (1969) designed a system for the direct analysis of :::’
exhaust products of solid rocket propellants immediately following s b
combustion that may also have some application for gun propellants. .
He notes that most experimental determinations are made by trapping or Ll )
collecting the gaseous samples in containers for subsequent analysis, _ '::
Because some of the products are highly reactive, the results in these %‘H c::
situations mayv not adequately reflect the actual composition immediatelx g :D.
following combustion. The importance of this should not be overlooked.
Reactive toxic species (e.g., NOx) in gun exhaust may require direct or 7 ?
real-time analysis for accurate determination. The system designed by (N4 l:
Coshgarian inciudes a micromotor combustor (shown in Figure 2.8) that o
simulates combustion conditions of normal-sized motors. The exhaust o "::
gases are vented into a controlled atmospheric chamber. A differen- m
tiailv pumped sampiing svstem is then used to introduce samples direc:tl: L.
in a mass spectrometer for analvsis. The concentration profile of majcr
reacticn species formed from the combustion of a composite modified ;‘Q :;}
double-base propellant (15 percent Al, 30 percent ammonium perchlorate, M
and 55 percent binder) could be monitored with this system over an "v‘
exzended “ime perind. v
R W,
Goshgarian 71976) has also monitored the concentration of H20, CO, -
N2, C372, and #nCi as a funczion of burn time for soiid rocket propeiiar: N
formuilations. A micromoter combustion chamber was used to burn the pro- %\‘; :
pellants and a molecular beam mass spectrometer was used to continuous.: . ¥
analvze the exhaust gases bv introducing them directly into the orifice 1
of a water-cooled sampling cone. All gases were found to increase in ) B
concentration as the pressure at the sampling orifice increased, with s ] v
the exception of C02, which remained relatively constant. E::"‘
NN 0
A study was performed bv Farr and Goshgarian (1976) to develop :,: i
analvzical procedures suizabie for examining the combustion products of ‘ A
solid rocket propellants containing acoustic stability additives. These -
additives stabilize the ccmbustion process although the manner by whi::z o ‘,}
it is accomplished is not fully understood. The four propellants exam- W ,
{ned were TPH-92.5 /Thiokol Chemical Zorperation). ANB-3513 (aeroje: N
Soiiz ?ropulsisc Zompanv:, TMS5-26, and aM3-35. Tne latter two Zormul:z- {:._ "
tions were pr2nared at =nhe Air Force Rocket Propulsion Laboratory NN :c,
CAFR2L. from Thios£0l anc iernret prapellants. Thelr compositions aro: i
given In Taonia . 19 A mizrTomoszer :omoustor Was iused o Surn Inhe -
M3I2Ila.5. 3n1 54TDLes wer: :3llecTec Lo 2vacuatel Zoass :sil2cticn 'ﬁ‘r" :
c¢vlinders. The analytical methods and approach may have some applica- - 8y
bilizv for gun sropellanzs. .. N
%
Anaivses were conduczeda for nonconcensib.e combustion zases, water ﬁ 'i
HCLl, particle size diszribuzion. and condensed pnase produczs. The x
gases were ara.vzed 57 57 ising a therma. conduct.vity detacier, and '-.Q l:':
water and chloride were dezarmined bv Xarl-Fischer titration and con- N .:,
$C3n% CuCrent InuldmeIrlr. faspectivelr  Parti:zl: size analvses of tae ‘:l'
soiid combustion produc:s were perZormed on an {mrage ana.yzer, ana K-fav :
emission and 2iilraction wera used o identify el:ments and :rvstalline ™R
sc.ids, - -
i
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TABLE 2.29. COMPOSITION OF REDUCED SMOKE SOLID PROPELLANTS
Ingredients TMS-26  AMB-3513  AMS-35  TPH-8246

Binder (hydroxyterminated X X X X
polybutadiene prepolymer
and isocyanate curing agent)
NH4C104
Additives
ZrxC
C

Al203

Adapted from Farr and Goshgarian (1976).
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Carbon dioxide, CO, H2, N2, CH4, and traces of acetylene were found
in all samples. Hydrogen concentrations were related to the amount of
graphite and zirconium carbide, both combustion stability additives, in
the formulations. For example, less hydrogen was found in TPH-8246,
which contains no ZrC and the least amount of graphite relative to the
other propellants. The explanation the authors offer is that higher
graphite and ZrC favor a reducing atmosphere and nonequilibrium condi-
tions in the combustion chamber, which results in an increased produc-
tion of hydrogen and carbon monoxide at the expense of carbon dioxide.
The nitrogen produced relative to the amount of CO2 was also found to be
slightly greater than predicted. The difference may be due to sampling
methods or the formation of organo-nitrogen compounds.

Water concentrations in the collected samples were found to chanze
as a function of time. The authors reason that the change may be dus :
the reaction of HCl with the solvent (methanol) used to transfer the
condensed phase from the collection cylinders (i.e., CH30H + hCl - CH3CL
+ H20). This reaction, however, proceeds slowly and may not fully
explain large increases in water concentration. It is recommended tha:
analyses for water be performed immediately following collection.
Hydrogen chloride present in the gaseous phase of the combustion pro-
ducts was dissolved in methanol, which was then analyzed for total
chloride. No errors due to incomplete transfer were expected in the
analysis. X-ray diffraction performed on the solids detectad graphi:e
and 2r02. No ZrC was found, indicating that it was completelv oxidized.
Scanning electron microscopy also detected Al203 in the particulate
phase. It should be noted that no attempt was made to determine the
concentration of condensible organics.

These studies conducted in closed bombs or test calorimeters are
believed to partially simulate conditions during the firing of an acuta.
weapon. The products generated should then relate to actual gun
exhaust. If this is the case, then closed bombs may provide a con-
venient and relatively inexpensive method of generating combustion
producss from different formulations. permitting comparisons and evalua-
tion of potential toxic hazards from z chemical stzandpoinz. It is
unlikelv, however, that <he products will be identical. Incomplete
bustion and oxidation mav Lead %o elevazed concentrations of some oI
duczs cr even the Zormatian »f diffarznc producss under some =sircums
ces. While zomparisons 57 the experimencal data with theoretical
predictions (see Section 2.3) indicate close agreement for the major
combustion products, therz i3 poor agreement for minor constizuents
(Tompa 1985; Stiefel and Hodv 1970: Rocchio and Mav 1973). There have
been no studies reported in the oven literature that have examined zhe
trace level compounds produced in closed bombs. The data that can de
obtained Irom these devices, however, mav indicate wnich :comoonents
should be examined in greater detail either in the field or in chambers
whera an actua. weapon i3 Zired. Addizional scudies are -a2guived 3
determine if the closed bomb approach would be wvalid.
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2.2.5 ldentification of Reactive Intermediate Specics

The chemistry involved in the combustion of propellants under you
or rocket conditions is very difficult to determine experimensallx
because of the speed and complexity of the reactions and the extrer
physical conditions involved (i.e., high temperatures aud pres<ire.
In the case of guns and rifles the processes are helieved to frov o
almost entirely transient reactions. While a broader underarandi-y
these could aid in solving ballistic-related problems or in predi ti:y
product composition, few studies have been under:aken to examine the
chemical species generated. Wwhite and Revnolds 1975 hawe develped
molecular beam sampling system coupled to a time-of-flight mass spec
trometer for studving transient species produced in {nterior nall.s<-
combustion processes. Thev cite the studv of the lanitisn ara oontos
tion under ambient cornditions of caseiess ammunizion as an exami.e !
practical application of the method that could lead to a ratlorale o
selecting additives for reducing the vulnerabilitv of this twvpe of
ammunition. The report onlv describes the svstem and dnes rot prece: -

arv experimental data.

An extensive review c¢n nitramire propellant deccmpasition ard coun.
bustion was written by Mclarchy et ai. (1376) Nitramine oxidizers 5.

as cvclotetramethvlene tetranitramine 'HMX) and cvclotrimethvlene tri: -
tramine (RDX) in gun propellants offer the advantaze of high impetus I.

to high energy and large quantities of gas produced on combus=ion

These desirable properties, however, have been countered bv objecticna
ble ballistic properties (i.e., slow ignition and efther high peak pre:
sure or low projectile velocity, depending upon charge design). An
objective of this review was to develop a broader understanding of
nitramine combustion and establish crizeria for controlling the ballis:
tic properties. YNitrous oxide (N20) and formaidehvde were icentified .
the inizial decomposition products and poten:zial reactions in the
CH20/N20 flame were listed. Nitrous oxide decomposes to form N2 and

atomic oxygen at high activation energies. In the presence of atomic
hvdregen., N2 and “vdroxv! radical are “ormed at a much lower activazi:s
enerzw. The acddizion of Tabie 2.12 a%omic hvdrogzn would ~nerelsre
accelerate burning and free radical =raps would innibit burning. 7=
should e notec tnat Zecsmoasitinn 7rdauzcs forvmed at low orassure:

not incicate J:in3l oroducis jeneritz21 3z high sSr2ssuras

Kiein and Xeller (1379) reviewed analvtical methcds tha:t ar
ble of providing informact.on on the spatial and zemporal dis=vidbu
reaction produc:s and irtermediate species in the three reaczisn ctones
{foam, Zizz, and fiame) of bdurning tropellants. Thevy note thau o ic:u
ratelv model the combustion srocess. spatial ana :zemporal descriptions
of hea:t and the various species produca: durirg =ne r2action sejuences
are required. To obtain this informazion, a high degree of resoiuticn
is neeced. Tzcnniques tnaz ire cagac.e >f prov.iing <ire<i: 1ata ire
recognized as being suitabie.

21 .

Aeasuremencs that zan 32 sbtalned vith 2rotes ara dell T degals
thev are invasive and provii2 an avaerige over the arza of :he probe
1f tne area {s larze an err3r will %e introduced nco the neasuramen:

.3.4.
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Techniques that involve removal of the material from the reaction region !
for subsequent analysis are also difficult because species may continue >
' to react prior to measurement. Mass spectrometry requires such sampling
but may be useful in detecting and identifying some species. Optical v
spectroscopic methods are judged as being most suitable (i.e., laser :::
) excited fluorescence, inverse, and coherent anti-Stokes Raman 1,5:
5‘:‘! spectroscopy). :n:,
o
Since reactive intermediate species formed in the combustion pro- )
g cess of gun propellants have very short lifetimes and the information :
obtainable from such species could only aid in predicting final product K,
o composition, sampling and analysis for this class does not seem neces- -:"
o sary at this time for evaluating the toxicological properties of gun .,':
v exhaust. RN
.
s
'
ﬁ 2.3 EMISSION PRODUCTS THAT CAN BE PREDICTED FROM PROPELLANT COMPOSITIONS )
. In the past 25 years the computation of high-temperature chemical -
%’ equilibria has become an important application of high-speed digital '
computers (Cruise 1979). Several computer programs have been developed i
R and modified from time to time to solve ballistic problems. Since 1
v detailed treatment of the computer programs is beyond the scope of the "
A present document, discussion is limited to the application of some of ::l'
these programs to simulate the situation in a gun and predict the compo- 2
ﬁ sition of the exhaust gases. o
Important features of the computer programs used to predict the N
e composition of the gun exhaust are (Steifel 1985): ?
a 3
- a. The computer program will calculate the product composition for a p’
given condition, i.e., chamber pressure or loading density. Then "a
- the gas is allowed to expand isentropically. The same entropy is .
-y imposed as obtained in the first calculation but the composition is »,@
calculated at lower and lower pressures. P
ot *::_
;.:} b. A major unknown is the pressure at which the equilibrium freezes. },
»
~ c. Another lmoarzant iimization is that the calculation will onlv 7
r'_:. predict :s7positions on the basis of data supplied Zor 2acn oI :n:= ':‘
hid possible combustion species. If no data are supplied for & species ",:;'
. that actually occurs, the program will, of course, not predict its '
™ pressure. s
" 2
Stiefel and Hody (1970) compared che experimencal results of chemi- ]
RO cal analysis of the exhaust with the compucer predictions Irom propel- 4
.:-:. lants WC846 (7.62-mm machine gun), WC860 (caliber 0.50 machine gun), and -\
) N-5 (2.75-in. TFAaR). The :omputer program used was developed by Ameri- 'Q.
can Cyanamide Corporation under an Advanced Research Project Agency con- -,_
l g tract. The composition of the propeilants is given in Table 2.20. i
A\J
% "
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Calculated and experimental values for selected components (CO, CO2,
CH4, NH3, HCN) in the combustion products from WC846, WC860, and N-5 are
given in Tables 2.30, 2.31, and 2.32, respectively. Samples were
analyzed by conventional infrared spectroscopy and high-resolution mass
spectrometry. Accuracies of #10 percent were obtained for sample com-
ponents with partial pressures higher than 10 torr. This may partially
explain examples of species predicted by computation but not detected by
chemical experiments (Table 2.33). Components detected by chemical
analysis but not predicted in the computation results are listed in
Table 2.34, The same computer program was used by Stiefel and
VanArtsdalen (1965) to develop a potassium perchlorate composite propel-
lant with a binderless boron/potassium nitrate igniter composition for
use in an aircraft escape system with minimum production of toxic gases.
There was close agreement between the predicted and experimentally
determined composition of the major combustion products as shown in
Table 2.35.

Rocchio and May (1973) investigated the exhaust composition from
XM-19 rifles and compared the experimental data with those calculate
from a computer program. The program is code-named "Blake" and is based
on the "Tiger" code developed by Stanford Research Institute (now known
as SRI International) and modified by Eli Freedman (1982). The composi-
tion of the XM-645 round used in firing the XM-19 rifle is given in
Table 2.20. Experimental and calculated product concentrations from cthe
X-2374.13 propellant are shown in Table 2.36.

Tompa (1985) investigated the combustion products from three pro-
pellants and three LOVA compositions and compared the experimental data
with those calculated by using a program developed by Cruise (1979). ke
found general agreement between the observed and calculated values for
major constituents of the combustion products.

Snelson et al. (1983) characterized the combustion products from
propellants WC844 and compared the experimental data with those calcula-
ted by using the "Computer Program for Calculation of Complex Chemical
Equilibrium Compositions, Rocket Performance, Incipient and Reflecced
Shocks and Chapman-Jonquet Detonation” by Sandford Gordon and
Bonniz J. Mc2ride of the NASA Lewis RXesearch Cenzer (see Taole 2.37).

Snelson (1233} observad that in czlculatisns of equilidrium campe-
sition during expansion, the major factor affecting the product distri-
bution is the temperature, with pressure having an almost negligible
effect. This is true even for minor constituents (CH20, COS, HCN, H?S.
NH3). Data also clearly indicate that starting with propellants having
similar elemencal composition, one can expect similar major and minor
combustion products. The :theoretical calculations predict the order of
magnitude of major species formation to within a factor of =2 or less
and for the minor species, a factor =3) or less. Computer programs hav
been successful in predicting the ballistic properties of propellants
and associated major product distributions. However, the resliabilicv of
the zheoretical predicticn for the minor products is both gualitativelv
and quantitativeiy less certain. This conclusion is supporcted by cthe

0y

observations of Stiefel and Hody (1970} and Rocchio and Mav (1973). .
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in the current context, chemical measurements and computer data
should be viewed as complementary methods that should be used together
to improve the accuracy of toxic hazard prediction in the military

Computer calculations are also useful in alerting the
Computer data

environment.
chemist to species they may encounter during analysis.
also suggest that more effort should be spent in evaluating the
bution of reactive species such as free radicals to the
of the exhaust products (Stiefel and Hody 1970).
Instead, more attention needs to be given to the prob-
lem caused by interaction of the exhaust with the surrounding air.
the reaction is rapid, it may be accompanied by secondary flash.
Absence of visible flash does not preclude reaction.
grams usually stop at the point where the bullet exits the muzzle and
have not been extended to irclude the muzzle gas/air interaction.
of the discrepencies between predicted and experimental results can
probably be traced to this (Sctiefel 1985).

now discounted.
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TABLE 2.34. COMPONENTS REPORTED BY CHEMICAL ANALYSIS
BUT NOT PREDICTED IN THE COMPUTATION RESULTS

Component

Typical
Mole Fraction

Weapon

Cyanogen

) Carbonyl sulfide

Benzene
Acetaldehyde
Hydrogen chloride
Sulfur dioxide

Copper and lead

0.50 E-03
0.10 E-03
0.10 =-04
0.50 E-03
Trace

Trace

50 mg/m3 urban air

All

Both machine guns
7.62-mm machine gun
Caliber 0.50 machine gun
Rocket plume only

Rocket plume only

Both machine guns

Adapted from Stiefel and Hody (1370).
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TABLE 2.35. COMPARISON OF COMPUTED AND OBSERVED GAS COMPOSITIONS :;:,,:q
. Results (mole fraction) ‘1
Computed Results :;i‘i
Adjusted Without Mass o
ﬂ 1.0 atm for Condensibles Spectrometer lS)tax:ldaFd e,
. eviation - [nKH
Condensation and Oxygen Results ":",
[ ]
= N
MAN]
e b
A-1 Composition @}"
: b‘f
i 5
HC1 0.1140 0
H20 0.3794 »
m 02 0.1929 0.4722 0.535 i
, 02 0.0771 0.1887 0.038 X
N2 0.1353 0.3312 0.408 )
BHO2  0.0291 R
ﬁ KCl 0.0605 o
KaCLy  0.0085 ®
. B203 0.0470 .:c::}
{ ot
@ MLO Propellantd f:::::
‘ N2 0.118 0.137 0.180 0.025 o
}ﬁ c02 0.230 0.267 0.213 0.025 . e,
- co 0.316 0.366 0.368 0.051 ' »
H2 0.199 0.231 0.220 0.025 o
% J20 0.138 0.008 -.::g:.
¢ €
B-3 Composition :::::
H20 0.2263 0.028 e
g co2  0.3229 0.5267 0.8324 0.717 u
A 02 0.2252 0.3673 0.065 ‘.;‘.:
N2 0.0560 0.0913 0.1443 0.141 P
ﬁ".‘ KCH 0.0645 { '|:
oY) KC1l 0.0626 e
K2Cl2  0.0283 Y
?i-: K202H2  0.004° "gi‘
o o
a. Mass Spectrometer results are for M10 black powder. E:::::
‘E\E Adapted from Stiefel and VanArtsdalen (1965). ‘:"::ﬁ
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TABLE 2.36. COMPARISON OF EXPERIMENTAL AND CALCULATED PRODUCT
CONCENTRATIONS FOR X-2374.13 PROPELLANTA
Species Calculation Measured  Species Calculation Measured

, co 1,000 1,000 C2H2 2.86 x 10 >1b
R H20 476 dnm® Cols 3.60 x 10-°
) Hp 389 CNCN 1.57 x 10-8 0.25
L Np 289 dnm OH 5.97 x 10-4

€02 364 380 cN 1.45 x 10-8
; KOH 3.34 HS 3.73 x 10-3
F H2S 1.65 S0 8.27 x 10°3
; NH3 3.66 x 10-1 dnm CH3 2.28 x 1-°4

HCN 3.69 x 10-2 dnm y 1.01 x 10-2
: K 1.97 x 10-2 KO 8.43 x 10-7
% CH20 1.98 x 10-2 0 1.28 x 10-8
k cos 1.18 x 10°1 0.25 N 3.10 x 10-10
, NO 1.08 x 103 dnm C3H4 N1d <0.1

S02 3.35 x 10°4 C3Hg NI 0.1
; CHy 3.56 x 10-1 1 C3Hg NI <0.1
K s 8.29 x 10-% CoHg NI dnm

02 7.27 x 10-9 dnm

a. Values are normalized to CO.

\ of CO)

x 103)

b. Mezsurzd ralue includes Soth

.{Concencration of component/concentratiosn

c. Detzczed, but 3dié not guanciiy,
R ¢. No:z included i~ these cz.zulations.
y
! Adapted from Rocchio and May (1973).
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3. ANALYTICAL AND SAMPLING METHODS FOR DETERMINING COMBUSTION PRODUCTS

This section includes a description of the techniques and methods
for sampling and analyzing combustion products of various materials,
namely tobacco, diesel fuel, and gasoline. In general, these substances
yield highly complex and reactive combustion products. It should be
noted, however, that combustion processes in a diesel or gasoline engine
or in a burning cigarette are very different from those of a propellant
fired by a weapon. A major difference noted by Klein and Keller (1979)
between propellant combustion and other types of combustion processes is
that the fuel and oxidizer are homogeneously distributed in a gun pro-
pellant so that mixing and reactant distribution apply only to inter-
mediate species produced during the reaction. In a gasoline or diesel
engine the fuel and oxidizer (air) are added separately, mixed, and then
burned in a combustion chamber. The temperatures, pressures, and other
conditions of combustion are also greatly different. A modern gun pro-
pellant can reproducibly release heat in excess of 1 kJ/¢, generate tem-
peratures in excess of 2,700°C, and pressures greater than 350 MPa in
less than a millisecond (Klein and Keller 1979). Chemical transforma-
tions are very rapid and the reactions are complex oxidations and reduc-
tions. :

Despite the differences in the combustion processes of different
materials, similar products may be formed, and the methods for deter-
mining the various constituents or compound classes will be similar. 1In
general, automobile exhaust and the smoke generated from cigarettes have
been well characterized; the combustion products of gun propellants have
not. Further, irrespective of the source of the combustion products,
all determinations involve detection, identification, and quantitation
of the individual constituents. Sensitive, accurate methods that can
resolve the various compounds are required.

This chapter specifically focuses on analytical and sampling metho-
dology used to determine the composition of the combustion products of
the materials mentioned, with emphasis on methods for constituents that
may be present in gun exhaust. The review is not designed to provide a
comprehensive listing of all available methods but rather of the most
recent commonly used techniques. Problems that have been encountered or
areas that still require additional attention are noted. The chapter
concludes with recommendations for techniques that appear to be most
suitable for determining the chemical composition of weapons exhaust.

3.1 GASOLINE ENGINE EXHAUST EMISSIONS

The incomplete combustion of fuels used in automotive vehicles
results in emissions of unburned hydrocarbons, carbon monoxide, oxides
of nitrogen, sulfur compounds, and particulates including lead com-
pounds. These are all considered to be pollutants and are hazardous
depending upon concentrations and exposure levels. Other compounds are
also formed in the gasoline combustion engine (water vapor, hydrogen,
carbon dioxide, etc.), but these are in general not of significant con-
cern and are not addressed in this report. The mechanisms for the for-
mation of these various ccnstituents and their emission rates are
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related to a variety of factors including engine type (carburetor-type 6
spark-ignition, port-fuel-injection spark ignition, cylinder fuel- TRy
injection spark-ignition) and engine operating conditions (transient vs. G A
steady state, for example). A detailed discussion of these factors is '.:n
beyond the scope of this work. Instead the reader is referred to a text v M
that reviews the chemistry (kinetics and mechanism) of combustion pro- &’ :}v
cesses and emission formation in various engines (Springer and Patterson :::
1973). However, some general statements can be made concerning exhaust pi
emissions. The engine itself may be thought of as a chemical reactor &%
with most of the undesirable chemical compounds being formed as a result fr‘_‘ -
of arrested chemical reactions. Most hydrocarbons, for example, derive N
from an air-fuel mixture that is too rich or too cool for complete oxi- on ol
dation. Nitric oxide is found in the exhaust because of low oxygen con- ,2£ ’
centrations and the rapid decrease in temperature of the post-flame ‘
gases. Carbon monoxide is also a result of low oxygen concentrations . oo
and slow kinetics during expansion of the post-flame gases. It should g v
be noted that similar conditions (i.e., limited oxygen availability) are LO Y,
responsible for the generation of the same types of compounds in gun _ X}
exhaust. Some of the major exhaust components of gasoline and diesel N
engines are listed in Table 3.1 (Colgrove 1980). : ‘
Gasoline itself is composed of C4 to C12 hydrocarbons and has a - :::'
lower and upper explosive limit of 1.3 to 6 percent (volume) in air, %g X
respectively (Windholz et al. 1983). Commercial grades contain satura- :::
ted hydrocarbons, olefins, and aromatics and are obtained by cracking ‘ N,
heavy petroleum fractions. Gasolines sold in the United States also may wna i
contain small quantities of tetraethyl lead (3 mL gal of fuel or less). -
Commercial grades of tetraethyl lead (TEL) contain approximately 63 per- ;
cent TEL and 35 percent ethylene dichloride or dibromide, which help W
remove lead combustion products from the engine. Other compounds may Ay Gl
also be blended in with the material (e.g., benzene or ethanol). The !
composition of the fuel affects vehicle exhaust composition. Tetraethyl .
lead has been determined to influence the combustion of other fuel con- ﬁ N
stituents (either promoting or inhibiting various reactions) and speci- R
fically leading to the production of lead compounds. Polynuclear aroma- \
tic content in the exhaust may also be associated with the aromatic Y ,%
content of the fuel (Springer and Patterson 1973). ‘:* '§
3.1.1 Sampling Methods P W
L
Springer and Patterson (1973) have described three commonly used e )
sampling methods for collecting exhaust emissions: total sample collec- - f’
tion, constant volume sampling, and variable-rate proportional sampling. :(:v}{
The most direct method involves total collection of the gases produced AR |
during a test period. In general, the exhaust is collected in an )
inflatable plastic bag from which samples for individual analyses are &‘} 'j
then removed. Although the method is simple, difficulties may be ‘;E pod.
encountered in collecting and handling large sample volumes, maintain- <]
ing sample integrity, and minimizing contamination. In constant-volume "N Y
sampling (CVS) the exhaust is continucusly mixed with a diluent gas PJ
(usually air) at a rate that maintains a constant total flow. - &
Measurements are then made on samples withdrawn at a constant rate from . \$
the diluted exhaust stream. For direct "on-line" analyses the signals Qg& %:
e G ‘l',
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TABLE 3.1. SOME OF THE EXHAUST COMPONENTS OF GASOLINE

AND DIESEL ENGINES

Component

Gasoline Engine Diesel Engine

Carbon monoxide
Aldehydes
Hydrocarbons

Nitrogen oxides
(as N20s5)

Water vapor
Carbon dioxide
Soot

3,4-Benzpyrene

0.5-12 vol %
0-0.2 mg/L

0.2-3.0 vol %

0-0.8 vol %
3-5.5 vol &
5-12 vol %
0-0.04 g/m3

10-20 pg/m3

0.01-0.50 vol ¢
0.001-0.009 mg/L

0.009-0.5 vol %

0.0002-0.5 vol %
- 0.5-4.0 vol &

1-10 vol %

0.01-1.1 g/m3

0-10 ug/m3

Adapted from Colgrove (1980).
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are integrated, time-averaged, and combined with volumetric data to
obtain average concentration values. An advantage of this sampling
method is that total gas-volume emission measurements can be easily
obtained using calibrated pumps. The gases, however, need to be handled
at constant temperature and pressure, and the diluent gas must be free
from interfering impurities. In variable-rate sampling (VRS) the exhaust
is withdrawn at a rate proportional to the exhaust flow so that’ the
volume of sample collected is a fixed fraction of the total exhaust
volume during the sampling period. It requires sensors to provide sig-
nals of engine air-intake rates and sample withdrawal rates, an electri-
cal network to compare the two, and a servo system that will automati-
cally regulate sample to air flow. The exhaust gases are collected in
sampling bags partially filled with dry nitrogen to minimize possible
further reactions of the products. This sampling procedure is rela-
tively complex and is used primarily in research operations. Both CVS
and VRS systems require a continuously generated exhaust stream. Since
gun exhaust is produced itermittently in short bursts as a weapon is
fired, these sampling methods are not appropriate for gun emissions.

Other sampling methods that have been used involve the collection
of a particular fraction (e.g., gaseous vs. particulate phase), compound
class, or compound and are discussed in greater detail in the analysis
sections. References for various sampling methods may also be obtained
from Colgrove (1980).

3.1.2 Particulate Emissions

Samples may be collected directly from the exhaust system or from
the atmosphere outside of the exhaust system. In the latter case the
effects of fuel composition and various engine parameters cannot be
ascertained directly since emissions from other sources may contribute
to the sample. The method does, however, provide general information
(e.g., variations in total particulate matter as a function of traffic
volume in a given area). In the case where the exhaust is sampled
directly, several factors must be taken into consideration (Springer and
Patterson 1983). The gas velocity in the sampling probe must be equal
to that of the stream at the inlet of the probe (i.e., isokinetic) to
minimize bias in the collection of smaller or larger particulates.
Losses of particulates and condensation in the sample probe and sample
line should also be avoided. This requirement may necessitate placing
the sample probe in a constant temperature chamber. Finally, the sam-
pling time must be of sufficient duration to provide representative
results. Figures 3.1, 3.2, and 3.3 show three sampling arrangements for
collecting particulates from auto exhaust.

Total particulate emission rates are generally expressed in terms
of weight per unit distance trav:led (g/mile). They have been shown to
vary with engine operating conditions (e.g., cold start vs. continuous
operation, engine speed, acceleration vs. deceleration, exhaust gas tem-
perature) and fuel composition (e.g., leaded vs. unleaded). The parti-
cles are believed to be formed primarily in the exhaust stream as a
result of vapor phase condensation with some enhancement from coagula-
tion. The smaller particles are emitted directly; larger ones may
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Figure 3.3. Schematic of apparatus for sampling undiluted auto
exhaust directly from the exhaust pipe. Source: Springer and Patterson
(1973).
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settle on the walls of the exhaust system, where they may be removed
with sudden changes in flow rate (as during acceleration). Solid parti-
culates may also be formed on the combustion chamber walls from dehydro-
genation and polymerization of the fuel, followed by agglomeration.
Particle shape has not been extensively investigated although micro-
graphs show evidence of both single crystals and aggregates. Particle
diameters may be determined from inspection of micrographs, from the
intensity and direction of scattered light off the particles, or from
particle deposition on the various stages of a cascade impactor. The
size distribution has also been shown to be a function of various engine
and fuel parameters. The mass median equivalent diameter (MMED) is
determined from the log-normal size distribution of the particles.
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3.1.3 Chemical Analysis of Particulate Matter

The particulate exhaust from automobiles is composed of both
organic and inorganic constituents. In fuels with lead additives, lead
comprises the largest weight fraction. Other constituents include bro-
mine, chlorine, carbon, various elements (primarily iron and zinc), and
organic compounds. Lead is present not only in elemental form but also
as lead halide and complexes of ammonium halide and lead halide
(Springer and Patterson 1983). The various metals and metal compounds
are ordinarily collected on membrane filters, digested in acid solution,
and determined by atomic absorption or inductively coupled plasma spec-
troscopy (NIOSH 1984). The organics are also sampled on filters, which
are then solvent extracted (Soxhlet or batch procedures). They may then
be fractionated into chemical classes by liquid chromatography and
finally analyzed by GC, HPLC, or GC-MS. More detail on the analysis of
organics in particulates, including PAHs and nitro-PAHs, is given in
Section 3.2,
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3.1.4 Carbon Monoxide

-

The standard method for measuring CO emissions and for certifying
some automotive exhausts is by nondispersive infrared absorption spec-
troscopy. Principles of operation of a nondispersive infrared (NDIR)
analyzer and calibration methods are discussed in Patterson and Henein
(1972) and Springer and Patterson (1973). Other gases, namely water
vapor, C02, and organic vapors, present in the exhaust may interfere
with CO determinations, especially at low CO levels (i.e., below 0.2
percent). This can generally be overcome by using an optical filter.
The method can provide continuous analysis and has a detection limit of
approximately 1 mg/m3.

s
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Greater specificity can be obtained with gas chromatographic
methods. A thermal conductivity detector will provide sensitivity in
the low ppm range. Alternatively, catalytic reduction of CO to methane
followed by flame ionization detection can be used.

s
falss

3.1.5 Oxides of Nitrogen

The oxides of nitrogen emitted from gasoline engines are primarily
nitric oxide (NO) and nitrogen dioxide (NO2). They can be readily
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determined with a chemiluminescence analyzer (Springer and Patterson
1973). In this instrument NO is reacted with ozone to produce NO2, a
certain amount of which will be present in an excited state. These
excited molecules decay to ground state with the emission of light. The
intensity of the emission is measured with a photomultiplier and is pro-
portional to the concentration. The sum of NO and NO2 (NOx) is deter-
mined in the same manner after the initial reduction of NO2 to NO. The
difference between the NOx and the NO measurements provides NO2 concen-
trations. Sub-ppm levels can be determined with this method. The
effects of other chemiluminescent reactions that may interfere in the
analysis such as ozone with CO, ethylene, or other compounds may be
eliminated by filtering wavelengths shorter than 0.6 um. Nitric oxide
has also been determined by NDIR, although water vapor strongly inter-
feres and the sample must be dried prior to measurement. Concentrations
of NO2 above 5 ppm can be determined by nondispersive ultraviolet
absorption. .hemiluminescence, however, remains the most sensitive and
selective method. Portable chemiluminescent monitors are commercially
available.

3.1.6 Hydrocarbons

The exhaust from automobiles can be sampled directly and continu-
ously for total hydrocarbon analysis. Other sampling methods include
absorption of the gaseous organic vapors on adsorbents (such as Tenax),
cryogenic trapping, or collection in containers. A general discussion
on the sampling and identification of organics in air is given by
Schlitt et al. (1980). The standard method for determining total hydro-
carbons is by flame ionization detection. It offers high sensitivity
and a wide dynamic range (106). Greater detail on the composition of
the exhaust may be obtained by various gas chromatographic methods or by
GC-MS analysis. The greatest resolution is obtained with small-bore
capillary columns. The organic exhaust component has been found to con-
tain hundreds of constituents including about 50 percent aliphatic com-
pounds, 5 percent PAHs, and 30 percent oxygenated compounds (Colgrove
1980). The hydrocarbons are primarily in the C] to C12 range. Some
specific compounds that have been identified are listed in Table 3.2
(Colgrove 1980). References on the effects of automobile engine
parameters (e.g., air fuel ratio, engine speed, spark timing, intake
manifold pressure, etc.) on the hydrocarbon emissions can be found in
(Colgrove 1980).

3.1.7 Oxygenated Compounds

Of the several classes of oxygenated organic compounds, the alde-
hydes are quantitatively the most important in engine exhaust (Springer
and Patterson 1973). They are produced as a result of the partial oxi-
dation of hydrocarbons, primarily during the low-temperature preflame
reactions within the combustion chamber (Patterson and Henein 1972).
The predominant species are formaldehyde and acrolein. Collection pro-
cedures for the oxygenates generally involve passing a known volume of
exhaust through scrubbers or impingers that contain reactive derivitiz-
ing reagents (NIOSH 1984; Seizinger and Dimitriades 1972; Melcher and
Langhorst 1985). The resulting complexes can often be analyzed
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TABLE 3.2 SOME HYDROCARBONS FOUND IN GASOLINE ENGINE
AUTOMOBILE EXHAUST

o

X

=
Ak

gl
—

Rydrocarbon Rydrocarbon “g

3 "v

Methane 3-Methyl-trans-2-pentene and/or % :‘:

Ethane 3-Methyl-cis-2-pentene ¢ ()

Ethylene Methylcyclopentane ol
Acetylene 2,4-Dimethylpentane - .

Propylene 2,2,3-Trimethylbutane o 77
Propane 3,4-Dimethyl-1-pentene f;:

Cyclopropane 4,4-Dimethyl-cis-2-pentene *t

Propadiens 3,3-Dimethylpentane “h

Methylacetylene Benzene % i “
Isobutane Cyclohexane ;;\

Iscbutylene and/or 1-Butene
1,3-Butadiene
n-Butane
trans-2-Butene
cis-2-Butene
3-Methyl~1-hutene
Isopentane
1-Pentene
2-Methyl-1-butene
n-Pantans
2-Methyl-1-1,3-butadiene
trans-2-Pentene
cis-2-Pentene
2-Methyl-2-butene
2,2-Dimethylbutans
Cyclopentene
4-Methyl-1l-pentene and/or
3-Methyl-1-pentene
Cyclopentane
2,3-Dimethylbutane
2-Methylpentane
4-Methyl-cis-2-pentene
3-Methylpentane
2-Methyl-1-pentene and/or
1-Hexene
2-Ethyl-1-butene
n-Hexane
trans-3-Hexene
trans-2-Hexene
-Methyl-2-pentene
cis-3-Hexene
cis-2-Hexene

~N

trans-2-Octene
Dimethylheptane
¢is~2-Octene
¢is=1,2-Dimethylcyclohexane
Ethylcyclohexane
Ethylbenzene
m-Xylene and p-Xylene
o-Xylene
2-Methyloctane
n-Nonane
Isopropylbenzene
n-Propylbenzene

1-Methyl-4-ethylbenzene and/or

1-Methyl-1,3-ethylbenzene
1,3,5-Trimethylbenzene

3,Ethyl-1-pentene
S-Methyl-1l-hexene
4-Methyl-1-hexene
2-Methylhexene and/or
2,3-Dimethylpentane
Cyclohexsne
3-Methylhexane
2,2,4-Trimethylpentane
1-Heptene
trans-3-~Heptene
n-Heptane
cis-3-Heptene and/or
3-Ethyl-trans-2-pentene
2,4,4-Trimethyl-1l-pentene and/or
trans~2-Heptene
cis-2-Heptene
2,5-Dimethyl-trans-3-hexene
Methylcyclohexane
2,4,4-Trimethyl-2-pentene
4-Methylcyclohexene
2,4-Dimethylhexane and/or
2,5-Dimethylhexane
2,2,3-Trimethylpentane
4-Methylheptane
2,3,4-Trimethylpentane
Toluene
2,3,3-Trimethylpentane
2,5-Dimethyl-trans-2-hexene
2-Methyl-3-ethylpentane and/or
2,3-Dimethylhexane
3,4-Dimethylhexane and/or
3-Methylheptane
1-Methyl-2-ethylbenzene
t-Butylbenzene
1,2,4-Trimethylbenzene
Isobutylbenzene
sec-Butylbenzene
1-Methyl-3-isopropylbenzene
n-Decane
1,2,3-Trimethylbenzene
1-Methyl-4-isopropylbenzene
1,3-Diethylbenzene
n-Butylbenzene and/or
1-Methyl-4-n-propylbenzene
1,3-Dimethyl-5-ethylbenzene and/orc
1,2-Diethylbenzene
1-Methyl-2-n-propylbenzene
Durene
1-Dodecene

LW
B

Adapted from Colgrove (1880).
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spectrophotometrically. Chromotropic acid (1,8-dihydroxynaphthalene-
3,6-disulfonic acid) has been extensively used to determine formal-
dehyde. Aromatic hydrocarbons may interfere in the analysis, but the
effects can be reduced by adding 1 percent sodium bisulfite to the
absorbing solution. The Girard-T method with polarographic measurement
and the 3-benzyloxazolidine method with gas chromatographic-flame ion-
ization detection (GC-FID) can also be used. All three methods have
validated by NIOSH (1984) for determining formaldehyde in air. Acrolein
can be trapped on XAD-2 resin coated with 2-(hydroxymethyl)piperidine
and determined by GC with a nitrogen-specific detector (NIOSH 1984).
Total aliphatic aldehydes can be determined by derivatization with 3-
methyl-2-benzothiazolone hydrazone (MBTH) or with 2,4-dinitrophenyl-
hydrazine (DNPH) (Opresko et al. 1984). Detection limits are 0.04 and
0.2 ppm, respectively. Individual aldehydes can also be determined by
generating the DNPH derivatives followed by GC or HPLC. Other oxygena-
tes that have been identified in the exhaust from gasoline fuels include
ketones, alcohols, ethers, esters, nitroalkanes, and phenols. Methods
for estimating levels of carbonyl and noncarbonyl compounds have been
developed (Seizinger and Dimitriades 1972).

3.1.8 Sulfur Compounds

Dietzmann et al. (1979) have described analytical procedures for
determining sulfur-containing compounds in automotive emissions. Sulfur
dioxide is collected in impingers containing a hydrogen peroxide solu-
tion as the absorbing reagent and determined as sulfate by ion chromato- .
graphy. Sulfate already present in the exhaust is removed with a
Fluoropore filter during sample collection to eliminate its interfering
effects. Hydrogen sulfide is determined by a colorimetric procedure. A
sample is bubbled through a zinc acetate absorbing solution, which is
then treated with N,N-dimethylparaphenylenediamine sulfate and ferric
ammonium sulfate. The formation of methylene blue, which is detected by
visible absorption spectroscopy, indicates the presence of H2S. Total
sulfate is measured by use of a barium chloroanilate procedure. Samples
are collected on particulate filters, leached from the filter, and
analyzed by ion exchange HPLC using a post-column reaction detector.
Organic sulfides (e.g., carbonyl sulfide, methyl sulfide, and ethyl sul-
fide) are trapped on sorbent resin (Tenax) cartridges, which are then
thermally desorbed for analysis by GC with flame photometric detection.

3.2 DIESEL ENGINE EXHAUST

Diesel fuel (DF) differs from gasoline in several important
respects, both chemically and physically. Bulk properties of a
reference fuel (DF-2) are compared with two representative naphthas or
gasolines in Table 3.3. The DF is a more dense, more viscous, higher-
boiling mixture than are the naphthas. The density is 0.06 to 0.11
g/cm3 greater, and the average and final boiling points are approxi-
mately 100°C greater than those of the naphthas. The flash point of DF
also is much higher than those of the naphthas. However, the aromati-
city of DF, as defined by a fluorescent indicator assay, falls within
the range of the naphthas.
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TABLE 3.3. COMPARISON OF BULK PROPERTIES OF A REFERENCE ‘
DIESEL FUEL AND NAPHTHAS2 i h‘
ALY,
API1 uop h
Phillips Light Catalytically Reformed Light e )
Reference DF-2P Cracked Naphtha Arabian Naphtha 'i::' “.
"3
Density, g/cm3  25°C 0.844 0.730 0.781 E& 0
W
Viscosity, ¢St  25°C 3.35 0.57 0.67
On K
Flash Point, °C 74 <-35 -22 LG
N "“
Simulated Distillation,€ °C :,:A‘
4,
1BP 186 148 152 5 o
ABP 271 154 167 !
FBP 320 197 223 W,
g
FIAC ) '.‘6
et
Aromatics 29.14 20.3¢ 54.2f oz N
Olefins 29.6¢ 0.8f »
Paraffins + Naphthenes 50.08. 45.0f = F
' « 3
a. Guerin 1978, unless otherwise noted. ,Q). Pt
b. Data from Jenkins et al. 1983. - .‘:n
c. IBP = initial boiling point (0.5% distillation point). "
ABP = average boiling point (50% distillation point). > ey
FBP = final boiling point (99.5% distillation point). A d
FIA = Fluorescence Indicator Assay ‘J:-
d. Data supplied by the Phillips Chemical Company, Bartlesville, OK. N .‘
e. Data from the American Petroleum Institute, Washington, DC. ‘:-’. ‘
f. Data from the Universal 0il Products, Inc. (now Signal Research Center, Inc.),
Des Plaines, IL. i)
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The chemical differences account for these physical differences.
The DFs are basically composed of higher-boiling compounds, whereas
gasoline consists largely of C4-C11 branched and normal chain alkanes,
alkenes, and benzene and C1-C3 alkylated benzenes (Rooney 1978; Guerin
1978). The major components of DF are C8-C25 normal alkanes at concen-
trations of <0.1 to 3 weight percent (each component) (Jenkins et al.
1983; Griest et al. 1985; Petrovic and Vitroviec 1976). Less concentra-
ted major components in DF consist of numerous C3-C5-benzenes,
naphthalene, C]1-C4-naphthalenes (especially 2-methylnaphthalene, 1-
methylnaphthalene, and several dimethylnaphthalenes), C1-C3-
biphenyls/acenaphthenes, fluorene, and phenanthrene, and C1-C3-
phenanthrenes (Jenkins et al. 1983; Griest et al. 1985; Reinhard et al.
1976). An important difference between DF refined from shale oil versus
that from petroleum is that the former contains lower levels of alkyla-
ted two- and three-ring aromatic hydrocarbons., Both shale oil- and
petroleum-derived DF contain sub-ppm concentrations (0.03-0.8 ppm) of
benzo(a)pyrene (Griest et al. 1985); unleaded gasolines and reformed
naphthas may contain slightly higher concentrations of 1-3 ppm (Guerin
1978).

Methodology for sampling and analysis of diesel engine exhaust
appears to have some potential for the characterization of the exhaust
from projectile weapons firing. The combustion products of both are
aerosols consisting of gaseous (vapor) and particulate phases. The dis-
cussion in this section specifically focuses on organics in the vapor
and particulate phases of diesel exhaust. Other gaseous constituents or
inorganic compounds that are also present may be determined by methods
described for gasoline emissions (see Section 3.1) and are not read-
dressed here.

The particulate phase of diesel engine exhaust is best sampled
currently by filtration on Teflon filter media. Soxhlet solvent extrac-
tion followed by normal phase chromatographic separation is used to
prepare chemical fractions suitable for analysis by capillary column GC
(using both general and compound-type specific detectors), GC-MS, and
high-performance liquid chromatography (HPLC) (with ultraviolet absor-
bance or fluorescence detectors). Compound classes of particulate
organic matter identified in diesel engine exhaust include aliphatic
hydrocarbons, two- through six-ring PAHs, azaarenes, and nitro- and
oxygenated- (and mixed) derivatives of PAH and azaarenmes. Much
research, however, is needed for improvement of sampling, and analytical
procedures, particularly for minimizing artifact formation during sam-
pling and improving the resolution and measurement of trace levels of
highly polar organic compounds.

The characterization of organic compounds in the vapor phase of
diesel engine exhaust has received less attention. Vapor phase organic
compounds are best collected through use of sorbent resins and are
analyzed by capillary column GC after thermal desorption or solvent
extraction. At the present, XAD-2 resin is used most often for collec-
tion of vapor phase PAHs, and more volatile species are better collected
on Tenax resin. Quantitative data for the vapor phase are much more
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limited than for the particulate phase, and most studies report only
qualitative identifications.

Although the distinction between vapor phase and particle phase is
often complicated by sorption, evaporation, and sublimation processes,
representatives of the same classes of compounds are found in both
phases. Vapor phase species identified include branched and straight
chain alkanes, alkenes, cycloparaffins, alkylated mono- and diaromatic
hydrocarbons, thiophenes, and a host of aldehydes, ketones, phenols, and
carboxylic acids.

3.2.1 cCharacterization of Particulate Phase Organic Compounds

Particulate matter is traditionally collected from diesel engine
exhaust by passing a portion of the exhaust stream from an air-dilution
tunnel through a filter. Electrostatic precipitation also is used, but
much less extensively. The engine exhaust is diluted approximately 10-
fold with filtered air in the tunnel and is drawn via a vacuum pump
through a filter. Because of the air dilution, the sampling can be con-
ducted at temperatures as low as 37 to 39°C (Gibson et al. 1981; Lee et
al. 1980) to reduce evaporation or sublimation of semivolatile organic
compounds from the particulate matter, However, even at this tempera-

ture, the flow rates (approximately 50 to 900 L/min) and volumes (0.6 to -

100 m3) of gases passing through the filter cause loss of organic matter
into the vapor phase. This is not expected to be a serious problem in
sampling - gun exhaust. 1In this case the exhaust is not produced continu-
ously but rather in discrete increments when a weapon is fired. Since
the exhaust volume is lower, sampling volumes can be reduced accor-
dingly.

Teflon filter media are clearly preferred for their superior inert-
ness (Lee et al. 1980) over glass and quartz media. Pallflex T60A20
Teflon-coated glass fiber filters have emerged as the most popular fil-
ter (Obuchi et al. 1984; Schulze et al. 1984; Lee et al. 1980: Bechtold
et al. 1984; Henderson et al. 1984; Henderson et al. 1982; Jin and Rap-
paport 1983; Breuer 1984; Henderson et al. 1983; Clark et al. 1982).

Alteration of the compounds collected on the filter by reaction
with gaseous components (especially ozone and oxides of nitrogen) in the
exhaust during sampling is a major problem requiring clarification. It
is generally accepted that PAH in particulate matter can react with
nitrogen oxides to form nitro-PAH. The extent of reaction is a subject
of much controversy; some studies (Hartung et al. 1984) suggest that
less than 20 percent of l-nitropyrene is artifactual while others (Gib-
son et al, 1981) suggest higher percentages of artifact formation. Dif-
ferences in sampling protocol and exhaust composition complicate the
comparison of such studies. Particles collected by electrostatic pre-
cipitation (Hartung et al. 1984) reportedly show much higher concentra-
tions of nitro-PAH than do filtered samples, indicating greater artifact
formation.

The collected particulate samples are solvent-extracted and
analyzed by a variety of chromatographic or spectroscopic methods,
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usually with some form of fractionation of the crude extracts before the
final analysis is conducted. Both soxhlet (Hartung et al. 1984; Obuchi
et al. 1984; Schulze et al. 1984; Gibson et al. 1981; Lee et al. 1979;
Swarin and Williams 1980; lLee et al. 1980; Henderson et al. 1984; Hen-

"derson et al. 1982) and ultrasonic solvent extraction (Bechtold et al.

1984; Jin and Rappaport 1983; Clark et al. 1982; Tomkins et al. 1984)
are used to remove organic matter from the particles. Dichloromethane
is the most widely used solvent, but one study (Breuer 1984) indicated
that for PAH, toluene is as effective, and others (Swarin and Williams
1980; Williams and Chock 1981) demonstrated that a binary solvent com-
posed of a nonpolar aromatic hydrocarbon and a polar alcohol
(benzene:ethanol, 80:20) is more efficient. Extraction recoveries
depend on the type of particles extracted and the concentrations of the
organic compounds (Tomkins et al. 1984).

Analysis of the crude filter extract for semivolatile compounds is
best accomplished by capillary column GC (see Figure 3.4 and Table 3.4).
This method is superior to packed column GC or HPLC because of its high
efficiency in terms of both resolving power and speed of analysis. It
is the method of choice for complex mixtures of organic compounds having
thermal stability and volatility. Typically, bonded stationary phase,
fused silica columns of 30- to 60-m length and 0.25- to 0.32-mm inside
diameter are utilized with helium or hydrogen carrier gases at flow
rates of 1 to 2 mL/min and at temperatures programmed from about 80° to
280°C. As shown in Figure 3.4, the major chromatographable organic com-
pounds (those present at levels >0.1 mg/g) present in the crude extract
of the particulate filter are readily determined (Griest and Tomkins
1985). The major species are seen to be a series of n-paraffins ranging
from C15 to at least C30 at levels of 0.1 to 7.4 mg/g. Pristane and
phytane also are prominent. These components are attributed (Karasek et
al. 1974) to unburned fuel in the exhaust. The minor peaks (correspon-
ding to those compounds present at =<0.1 mg/g) visible in the profile
correspond to branched aliphatic hydrocarbons and two- through four-ring
PAHs and their alkyl derivatives. The latter also may be partially
derived from uncombusted fuel components (Henderson et al. 1984). The
unresolved hump in the GC profile corresponds to organic matter that is
not particularly amenable to GC analysis and is thought to represent
higher-molecular-weight compounds with multiple chemical functional
group substitution. This matter appears to be contributed in part by
crankcase oil in the engine exhaust (Griest and Tomkins 1985; Williams

‘and Chock 1981). Organic matter with molecular weights exceeding 5,000

(based on polystyrene standardization in gel permeation chromatography)
is present on the particles.

Much more detailed analyses of the compounds present in diesel
exhaust particulate matter can be achieved by separation of the crude
particulate extract into chemically more well defined and relatively
less complex fractions. Among the fractionation procedures employed are
(1) normal (Hartung et al. 1984; Schulze et al. 1984; Jin and Rappaport
1983) and reverse phase (Obuchi et al. 1984) liquid chromatography on
disposable cartridges; (2) semipreparative scale, normal phase
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TABLE 3.4.

T »
S ¥ U gl

SUMMARY OF MAJOR CHROMATOGRAPHABLE ORGANIC COMPOUNDS

IN DIESEL EXHAUST PARTICULATE MATTER

Examples
Concentration Peak
Chemical Class Compound (mg/g)?d NumberP
Straight-chain alkanes n-Pentadecane 0.17 2
n-Hexadecane 1.0 4
n-Heptadecane 5.3 11
n-Octadecane 4.5 19
n-Nonadecane 6.9 25
n-Eicosane 7.4 29
n-Heneicosane 7.0 37
n-Docosane 4.9 41
n-Tricosane 3.1 43
n-Tetracosane 1.5 44
n-Pentacosane 1.0 45
n-Hexacosane 0.35 46
n-Heptacosane 0.15 47
n-Octacosane <0.1 48
n-Nonacosane <0.1 49
n-Triacontane <0.1 50
Branched alkanes Pristane 1.2 12
Phytane 1.0 20
Di-/Triaromatic C3-Naphthalene <0.1 1
hydrocarbons Fluorene <0.1 3
Phenanthrene 1.5 17
2-Methyl Phenanthrene 2.2 26
C1-Phenanthrene 0.7 24
C2-Phenanthrenes 0.3-2 30-32,36
C3-Phenanthrenes 1-3 39,40
C2-Acenaphthalene or <0.1 9,10
C1-Fluorene
Fluoranthene 1.1 33
Pyrene 1.1 38
Benzo(b)fluorene 0.5 42
Sulfur-heterocyclics® Dibenzothiophene 0.5 14
C1-Dibenzothiophenes 0.7-1 21,23
Oxygenated aromatics® Fluorenone <0.1 13

a. Milligrams of compound per g of collected particles.

b. See Figure 3.4.
bered peaks.

Dotted peaks are number sequentially between the num-

¢. Tentative identification based upon mass spectrum.

Adapted from Griest and Tomkins (1985).
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high-performance liquid chromatography (HPLC) (Tomkins et al. 1984); (3)
adsorption column chromatography (Karasek et al. 1974); (4) organic sol-
vent partitioning alone (Henderson et al. 1984) or in combination with
adsorption thin layer (Mills et al. 1984) or gel permeation column
chromatography (Henderson et al. 1982); and (5) acid/base extraction
followed by normal phase column chromatography. These procedures are
generally used to obtain fractions highly enriched in aliphatic hydro-
carbons, PAH, nitro-PAH, and oxygenated PAH. Gas and liquid chromato-
graphy are used most often for analysis of these fractions. PAHs are
determined by reverse phase HPLC with fluorescence detection (Obuchi et
al. 1984; Gibson et al. 1981; Swarin and Williams 1980; Lee et al. 1980;
Breuer 1984) and GC-MS (Henderson et al. 1984; Henderson et al. 1983;
Karasek et al. 1974; Tong and Karasek 1984). Oxygenated PAHs have been
identified and measured by GC-MS (Schulze et al. 1984). A variety of
methods have been used for nitro-PAH. These methods should be particu-
larly useful for weapons exhaust characterization because of the nitro-
compounds used in the propellants. These methods include GC with the
nitrogen-compound sensitive thermionic detector (Hartung et al. 1984) or
the nitro-group selective thermal energy analyzer based on chemilumines-
cence (Tomkins et al. 1984), and by the electron capture detector after
reduction to the amine and heptafluorobutyl derivatization (Morita et
al. 1982). Microbore HPLC with reductive electrochemical detection (Lee
et al. 1979) and triple quadrupole MS (Henderson et al. 1984; Henderson
et al. 1982) also have been used. A recent comprehensive review (Tomk-
ins 1986) describes the mechanisms, selectivities, and sensitivities of

& F

|

A

¥ R

)

these detectors. ¥
3 r m

A summary of the main classes of particulate organic compounds that
which have been identified and measured in diesel engine exhaust is 4
presented in Table 3.5. Because of the considerable variability of Q?
[t 4

exhaust composition, these results must be considered as examples. A
discussion of the factors contributing to such variability is beyond the
scope of this section, but the factors include engine size, speed, load,
horsepower, condition, fuel, and lubricants.

=

3.2.2 Characterization of Vapor Phase Organic Compounds

o,
r552

Much less research has been conducted on the sampling and analysis
of vapor phase organic compounds in diesel engine exhaust, but the
available studies demonstrate that highly detailed analyses are possi-
ble. The available methods range from simple injection of undiluted
exhaust into a GC to preconcentration in a solid sorbent resin or
cryothermal trap. The sorbent resin methods appear most suited for gun
smoke characterization.

L4

€
-

.
A

#
L]

x
A

Fy*
b

The simplest method of analysis consists of drawing an undiluted i
sample of exhaust into a g s syringe and injecting the sample (via a jﬁ

splitter) onto a capillary column for analysis by GC (Hutte et al.
1984). This is a very simple and direct sampling method, but it lacks

the sensitivity of methods relying upon preconcentration. Benzene, A
toluene, xylenes, and low boiling alkanes and alkenes were identified in -~
diesel engine exhaust. For analysis of the most volatile compounds
(e.g., methane and ethane) it is the only practical method. o
Yol
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Much more sensitive and detailed analyses can be achieved by pass- P~$?$%
ing diluted exhaust through solid sorbent resins to preconcentrate vola- et
tile organic compounds. Tenax (Hawthorne and Miller 1985; Hampton et P
al. 1982) and XAD-2 resins (Schuetzle 1983; Stenberg et al. 1983a) are Eb ‘ﬂ:
used often. The most detailed analysis of engine exhaust was achieved ?Q -'a
from sampling the air in the Allegheny Mountain Tunnel of the Pennsyl- .
vania Turnpike (Hampton et al. 1982). Up to 72 L of air was pumped at 'Nbl“n
0.3 L/min through a 10-mm OD x 114-mm cartridge packed with approxima- LA
tely 0.6 g of 60/80 mesh Tenax resin. Larger sampling volumes may cause o
break-through of the most volatile compounds. The compounds collected RGN L.
in the resin were analyzed by GC-MS after a 300°C thermal desorption of iy
the resin and cryogenic focusing of the compounds in a loop at the head ,v*

i of a capillary column. More than 300 compounds were identified by their ﬁ&k‘
mass spectra. These included branched and normal chain alkanes from C4 acd
through C26, alkyl cyclopentanes and cyclohexanes, C4-C9 alkenes, “”i
alkylated mono- and diaromatics, trichlorobenzenes, C2-thiophene, ben- t??b?ﬁ
zaldehyde, and phenol. Correlations of analyses with traffic density Lr;ﬁ;?
and makeup (i.e., diesel vs. spark-ignition engines) showed most com- }??NS{
pounds to be common to both gasoline and diesel exhaust. Sampling was ihk&?ﬁr
conducted with and without filtration to remove particle-associated Lo bt !
organic matter. It was reportedly difficult to define how much of the 3 ’P%!
compounds less volatile than octadecane are truly in the gas phase mq
‘because of sublimation from the particle phase collected on the filter At
during sampling. This may not be as much a problem for gunsmoke exhaust 5ng'§
sampling because of the shorter sampling periods available. Filtration qkﬁh&&
of the exhaust sample is highly recommended to allow separation and b
analysis of gas and particle phase organic matter. g;sh

AN

The XAD-2 resins are suited more for collection of the less vola- §%$g\¥

tile components of the vapor phase such as PAH (Schuetzle 1983; Stenberg ) aé“a
et al. 1983a) than for the highly volatile species, which are better ﬂnﬁﬁ
collected on Tenax resin. For example, it has been found (Schuetzle ; .
1983) that 40 to 88 percent of the three- and four-ring PAHs reside in RS
the vapor phase of diluted exhaust. The major reason for this dif- Ryt

ference in sampling application is that XAD resins are much less
thermo-stable than is Tenax. The compounds collected on XAD resins
usually are recovered via solvent extraction, and highly volatile com-

I‘l

pounds are readily lost during resin extraction and solvent volume o ii

reduction steps. In contrast, the excellent thermal stability of Tenax WA,
allows good recoveries to be achieved for the highly volatile species by s e
thermal desorption methods. However, the main drawback of Tenax resin KO, h:
is its reactivity to nitrogen oxide. Small amounts of 2,6-diphenyl-p- ﬁ{:ﬁ$'

2

quinone are formed in the Tenax resin from reaction with nitric oxide
(Neher and Jones 1977). These decomposition products may interfere with

e
7
(s

the chemical analysis of the collected sample. .¢sﬂ;§s
').'f d
O WSy
It is possible to selectively trap a specific class of compounds on .}quh{
a solid resin. Although this approach has not been utilized in diesel :fxftf
exhaust sampling for compounds other than aldehydes, its success in iiit\.
characterization of cologne essence and tobacco smoke (Picker and ) ®
Sievers 1981) suggests that it might be a useful tool for gun smoke v
characterization. Oxygenated compounds in the above sample matrices } !
were trapped in a lanthanide metal chelate precolumn for GC analysis .gﬁ.&ﬁ
gt '
S
A i Sy
]
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free of interference from less nucleophilic compounds in the sample
matrix.

: Selective trapping also can be achieved in solution. Aldehydes are e .}
i most often collected from diesel exhaust by passing diluted, unfiltered Y
exhaust through a series of impingers containing an aqueous solution of %a a
2,4-dinitrophenylhydrazine (DNPH). Aldehydes reacting with DNPH are " y
trapped as their dinitrophenylhydrazone derivatives and are analyzed by 4
. reverse phase HPLC with ultraviolet absorbance detection. Ten aldehydes bﬁ >
) and ketones, ranging from formaldehyde to hexanal, have been determined n-
X in diesel exhaust by this method (Creech et al. 1982). Gas chromatogra- “
! phic analysis of the DPNH derivatives of aldehydes from diesel exhaust N
¥ (Smythe and Karasek 1973) allowed acrolein to be determined. The DPNH 556 )
) derivatives of acetone interfere with the liquid chromatographic )
’ analysis of acrolein (Creech et al. 1982). '2
t \
*! Cryogenic collection is another attractive sampling method for the ﬁ ,«
' vapor phase of diesel engine exhaust. A cryogenic gradient sampling gt
. method has been used (Stenberg et al. 1983a, 1983b) to collect vapor ﬁ& !:
phase PAHs from filtered, diluted diesel engine exhaust. Between 30 and ¢

90 percent of the mass of selected three- and four-ring PAHs was found

K to be present in the vapor phase. This cryogradient approach also has e
been used (Hanson et al. 1985) to fractionate volatile compounds ﬁ?
b. vacuum-distilled from diesel exhaust particulate matter. A wide range - )
X of aliphatic and aromatic hydrocarbons, phenols, ketones, and carboxylic . &
acids were identified. Most of these compounds also have been identi- ol
fied from vapor phase sampling (Hampton et al. 1982), and their presence LT
in filtered particle phase samples suggests that sorption of vapor phase .
" components by the filtered exhaust particles can occur during sampling. N
It is not clear if a steady state between sorption and gﬂ V
evaporation/sublimation is reached during sampling. For gun exhaust,
cryogenic collection methods would only be suitable for controlled cham-
ber studies because of the difficulties of cryogenic trapping in the ﬁs -,
field.

A summary of the classes of compounds found in the vapor phase of A
, diesel engine exhaust is listed in Table 3.6. This is a qualitative o
listing because of the relative scarcity of quantitative data for the

; vapor phase species. Ly

3.2.3 Sulfur Compounds

Sulfur is present in diesel engine exhaust mainly in its oxide ‘.
forms. The most facile means of determining sulfates is collection of
exhaust particles on Teflon filter media, leaching of the particles with
water, and measurement by ion chromatography (Perez 1981). Sulfur di- N
oxide reportedly (Perez 1981) is analyzed by drawing exhaust gases !
through impingers loaded with hydrogen peroxide solution and measuring
sulfur dioxide as sulfate by ion chromatography. Obviously, other sulfur "
oxides such as sulfur trioxide, sulfate and reduced forms of sulfur tha: o
can be oxidized to sulfate would also be included in the measuremen:t.

e QIR XA IR

Py
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Table 3.6. SUMMARY OF ORGANIC COMPOUNDS REPORTED IN THE
VAPOR PHASE OF DIESEL ENGINE EXHAUST

Chemical Class Example Compounds Reference
Straight-chain alkanes Methane a
2-Methylbutane b
n-Dodecane b
n-Hexacosane b
Branched alkanes 2,3,4-Trimethylpentane b
3-Methylnonane b
Branched C18 or higher alkane b
Cycloparaffins Cyclohexane b
Decalin b
Heptadecylcyclohexane b
Alkenes Ethylene a
Hexene b
1-Nonene b
Aromatic hydrocarbons Benzene b,c
Toluene b,c
Indane b
Naphthalene b
2-Methyl naphthalene b
Heptylbenzene c
Polycyclic aromatic Phenanthrene d
hydrocarbons Benz(a)anthracene d
Heterocyclic compounds  Ethylthiophene b
Chlorinated compounds Trichlorobenzene b
Oxygenated compounds Formaldehyde e f
Benzaldehyde b,e
Acrolein £
Phenol b

Mmoo Q0 oD

. Hutte et al. (1984).

. Hampton et al. (1982).
Hawthorne and Miller (1985).
Schuetzle (1983).
Creech et al. (1982).
Smythe and Karasek (1973).




9y

» v Ad A A

Sulfur dioxide levels from 3.3 to 85 ppm have been reported (Lin-
nell and Scott 1962) but more recent measurements are closer to 40 ppm
(Williams and Chock 1981). Sulfur dioxide appears to be the dominant
form of sulfur in diesel engine exhaust and is one to two orders of mag-
nitude more concentrated than sulfate (Perez 1981). Sulfate levels of
1.8 mg/m are reported (Williams and Chock 1981), and sulfuric acid
accounts for 90 percent or better of total sulfates (Truex et al. 1980).

Reduced sulfur is very low in concentration, if present at all. A
maximum of 0.1 ppm of hydrogen sulfide was estimated (Perez 1981) from
colorimetric measurements following trapping of hydrogen sulfide using
zinc acetate. Gas chromatography with a sulfur-specific flame pho-
tometric detector may be more sensitive and specific.

3.3 TOBACCO SMOKE

Tobacco is a natural material, that, when incompletely burned,
gives rise to one of the most complex natural products known, tobacco
smoke. Tobacco smoke is a dense (~5 x 109 particles per mL) aerosol
that results from the rapid condensation of supersaturated vapors of
tobacco combustion products. In the sense that it is a chemically com-
plex aerosol arising from combustion processes, it can be considered a
model for other combustion derived aerosols, including gun smoke.

An additional similarity to gun smoke is that the bulk material of
both tobacco and the explosive component is based on cellulose. The
differences between gunpowder combustion and that of tobacco, however,
are probably more important than the similarities. First, the pressure,
temperature, and rate at which gunpowder combustion occurs is much
greater than that of tobacco combustion. The completeness of the com-
bustion of the two systems is indicated by the ratio of the oxides of
carbon in the combustion gases. For gun smoke, the overwhelmingly
predominant oxide is carbon monoxide. 1In contrast, the molar ratio of
carbon dioxide to carbon monoxide is about 2:1 for mainstream tobacco
smoke.

Because of the chemical complexity of tobacco smoke, it is likely
to contain many of the species present in gun smoke, although not in the
same relative ratios. Tobacco smoke also contains many species not
likely to be found in gun smoke, such as the combustion products of leaf
waxes and tobacco-specific alkaloids and terpenes. Probably the most
relevant comparisons which can be drawn between gun and tobacco smoke
involve the procedural aspects of sampling and analytical characteriza-
tion. Both matrices are complex, combustion-derived aerosols that
require relatively sophisticated separation and analytical schemes for
the identification and quantitation of various components, especially
those present in lesser amounts. This chapter is intended to briefly
highlight those aspects of tobacco smoke production and characterization
that are likely to be relevant to its consideration as a model for gun
smoke exhaust and to point to recent significant reviews in the current
literature from which the reader can obtain more detailed information.
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3.3.1 Production

Tobacco smoke is generated under two conditions of air flow:
puffing and smouldering. During puffing, at which time mainstream (MS)
smoke is generated, there is a rapid increase in the air flow through
and around the firecone (or coal) for a short duration (1 to 3 sec).
During that time, temperatures at or near the char line can reach 900°C.
Smoke constituents generated during the burn begin to condense and are
drawn through the tobacco rod (and filter, if present) and undergo some
adsorption and particulate filtration. Subsequently, they enter the
smoker’s mouth and lungs.

Sidestream smoke is generated during the smouldering cf the
cigarette between puffs. Partly because the air moves through at a
slower rate, temperatures in the region surrounding the firecone are
substantially lower than during puffing (~600°C). In contrast to
puffing, which preferentially consumes the peripheral portion of the
tobacco rod, the smouldering process tends to consume the axial portion.
Because natural convection processes carry it upward and away from the
cigarette, sidestream smoke leaves the region essentially unfiltered.
The rate of smouldering is controlled by many factors, including air
flow, ambient temperature and humidity, packing density of the shredded
tobacco, the wrapping paper porosity, and the presence of burn accelera-
tors in the paper or tobacco.

During both active puffing and passive smouldering, several pro-
cesses occur simultaneously to produce the supersaturated vapors that,
when cooled, condense to form the smoke aerosol. One important process
is simple evaporation. For example, nicotine is evaporated from the
shredded leaf as the firecone approaches. Much of the nicotine present
in the smoke arises from this mechanism, Pyrolysis, during which indi-
vidual molecules are fragmented at high temperatures, also occurs, pro-
ducing a number of smaller molecules and other reactive species. During
pyrosynthesis, some of these reactive species combine, either with them-
selves, or other molecules. Finally, entrainment results in bits of ash
being caught in the air currents and acting as condensation nuclei for
the subsequent smoke droplets. The results of all these processes work-
ing simultaneously is that the product aerosol contains most of the
species present in the tobacco leaf, plus many new compounds not orig-
inally present. The smoke production processes have been thoroughly
reviewed by several authors (Baker 1980; Johnson 1977; Klus and Kuhn
1982).

3.3.2 Composition

While cigarette smoke contains many thousands of individual consti-
tueats, it is important to consider that 90 percent of the mass of the
smoke is comprised of nitrogen, oxygen, water, carbon monoxide and diox-
ide, hydrogen, and argon. The remaining 10 percent of the mass is the
organic species that partition themselves between the gas and particle
phases of the smoke, depending on the concentration and volatility of
individual species.
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In addition to the air and combustion gases, the vapor phase of
tobacco smoke contains oxides of nitrogen; ammonia; simple saturated,
unsaturated, and aromatic hydrocarbons; low-molecular-weight alcohols;
aldehydes; and ketones; some esters, nitriles, amines, and nitrosamines.
The distinction between the gas and particulate phases of the smoke
becomes less clear with increasing molecular weight. Many compounds are
found in both phases, which may be dependent on the manner in which the
smoke is sampled (see Section 3.3.3).

The most prevalent constituent in the particle phase of mainstream
tobacco smoke (other than water and certain humectants that are added to
the tobacco to maintain moistness) is nicotine. Present to a smaller
extent are other alkaloids, leaf pigments, terpenoids, long chain car-
boxylic acids, leaf waxes, phenols, catechols, higher-molecular-weight
aldehydes, and phytosterols. Present at trace levels are many thousands
of compounds, including polynuclear aromatic hydrocarbons, nitrogenous
aromatics, nitrosamines, and trace metals. Tables 4.12, 4.13, and 4.14
(Section 4) summarize average mainstream deliveries of several major and
trace smoke constituents. ' ‘

Sidestream smoke is generated under somewhat cooler conditiomns. It
contains more combustion water than mainstream smoke and is considerably
more alkaline. Many of the important compositional differences result
from these conditions. The carbon dioxide:carbon monoxide ratio is much
greater for sidestream smoke, suggesting more complete combustion. The
amine content is much higher, with a concomitant increase in nitrosamine
levels. The higher pH suggests that a larger fraction of sidestream
nicotine is in its unprotonated and thus more volatile form. However,
there is considerable debate as to the distribution of nicotine between
the liquid and vapor phases of the smoke. In general, however, most of
the compositional differences between mainstream and sidestream smoke
are differences in relative quantities, rather than qualitative dif-
ferences. It would be unlikely that compounds found in mainstream would
not be found, at least in some quantity, in sidestream smoke, and vice
versa.

Environmental tobacco smoke (ETS) is sidestream and exhaled main-
stream smoke that has been diluted into an enclosed space. ETS
represents the material to which nonsmokers are passively exposed.

There is an increasing body of evidence to suggest that smoke, as it is
diluted and ages, undergoes some chemical and physical transformation.
This results in a material that is no longer simply diluted smoke. The
transformation probably occurs as a result of reactions among the more
reactive constituents of the smoke and with other airborne contaminants.
Light may play an important role in the initiation of these reactions.
As a result of these changes, ETS is a poorly defined material. It pro-
bably contains many of the constituents of mainstream and sidestream
smoke, but most likely not in their original compositional relationship.

There are several excellent recent reviews on the composition of
tobacco smoke (Norman 1977; Guerin 1980; Surgeon General 1979). Also,

the levels in certain ambient settings due to environmental tobacco
smoke have also been reviewed (Sterling et al. 1982).
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3.3.3 Sampling ;
E
!! Cigarette smoke is a dense, complex aerosol that has not achieved ‘ﬁ
an equilibrium state before it mixes with the atmosphere. It undergoes 3}
e physical and chemical transformation upon aging. The liquid droplets :¢
§& coagulate, and thus grow initially, and then shrink as dilution occurs ?ﬁ
" and volatile compounds evaporate. With time, individual constituents :ﬂﬂ
react with each other and with other airborne species. Given that most e
EE smoke-related studies are conducted with a focus on inhalation toxi- (1.
A cology, it is desirable to collect the smoke at a chemical and physical ol
state relevant to the particular exposure in question. (For example, *‘
xﬂ while mainstream smoke should be collected within a few seconds of its ::'
i generation, it would be inappropriate to collect ETS immediately after -3
its generation.) Unfortunately, the sampling process itself can often -
g exacerbate both chemical and physical changes in the smoke matrix. For o
Qg example, amines may be converted to nitrosamines if not protected from QQ
B nitrosation. Nicotine may be evaporated from collected particulate mat- b?
ter with increasing passage of air over the filter (Jenkins et al. &?:
' X 1982). 1It is thus important for individuals conducting sampling to w%
{ understand the potential impact of the sampling procedure on the 0
constituent(s) of interest, Loty
D $ Wi
gg For quantitative analytical studies, the conditions of smoke gen- Moyl
' eration have a marked effect on the amounts of constituents produced. ﬁ&?
- Thus, very highly standardized conditions for generation and sample col- 4
‘i lection have been specified, especially for mainstream smoke. The .
specific conditions of generation and sampling of mainstream smoke have >
been thoroughly reviewed (Dube and Green 1982). Briefly, the standard A
NN conditions of smoke generation in use in this country consist of one o
o 35-mL, 2-sec duration, sinusoidally shaped puff per minute, until the e,
cigarette is consumed to within 3 mm of the filter overwrap, or to a :’
!! 23-mm butt for nonfilter cigarettes. A 44-mm-diameter Cambridge filter g
20 (Wartman et al, 1959) is installed downstream, immediately behind the byt
B butt of the cigarette, to collect the smoke particulate matter. Since 'w
o the peak volumetric flow through the filter reaches 1.5 L/min, the max- \:f
bﬂ imum linear air velocity is about 2 cm/s. While the aerosol and some , ﬂ
e vapor constituents are collected on the filter, the remaining semi- {2
volatiles and gases pass through and are usually collected in gas sam-
33 pling bags or solid sorbent resin traps. ]
’ -\'. ™
The generation and collection of sidestream smoke is a much less t:
- well-defined activity. First, there is not general agreement on the ol
:i{ type of generation/collection apparatus that is most appropriate. *b
* Guerin et al. (1987) recently reviewed methods and conditions for sides- iy
-, tream smoke generation/collection. X
- N
o The problems of sampling ETS are likely related to those of sam- N
pling gun smoke exhaust. ETS is a dilute, biphasic material, with many if
rod of its constituents distributed into both phases. Because it is so oo
: dilute, sampling through filters is even more likely to evaporate con- ™
stituents from collected particles, especially when long sampling times
are used. ETS is also more likely to contain a significant proportion
3@ of other (nonsmoke) constituents when compared with mainstream smoke.

.
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Many of the materials and equipment for the sampling of ETS have been
reviewed in detail elsewhere (Jenkins and Guerin 1985). Briefly, 44-mm
Cambridge glass fiber filter pads have been employed for collection of -
small samples of particulate matter (>150 mg), whereas large Teflon-
coated glass fiber filters (such as the Pallflex T60A20) hav: been used
for collection of larger samples. Their low pressure drop makes the
Pallflex filters especially suitable for high-volume sampling, and the
inert coating on the fibers reduces artifact formation, especially when
long sampling times are employed. Sampling for trace metals in the par-
ticulate matter should probably involve a different filter system alto-
gether. Because of the high metal content of most glass fibers, collec-
tion on pure Teflon membrane filters would seem more applicable if trace
metals are the target constituents.

Solid adsorbents have proven to be the most popular materials on
which to collect semivolatile ETS constituents (Jenkins and Guerin 1984;
Higgins et al. 1984). The trapped organics can be subsequently removed
by thermal desorption (into a gas-liquid chromatograph) or by solvent
washing. Unfortunately, not all constituents are retained or subse-
quently removed with complete efficiency. Thus, it is critical that the
retention/desorption characteristics of the constituent(s) in question
and the limitations that they place on the analytical accuracy be known
prior to sampling. Tenax-GC, XAD-2, and charcoal have all been used for
sampling airborne organic compounds (Adams et al. 1977). Charcoal is no
longer recommended. Its retention characteristics are good, but quanti-
tative recovery of sorbed materials is difficult.

For constituents that exist solely in the gaseous state at ambient
temperatures, concentration on adsorptive resins or condensation in cold
traps are usually not viable options. For nonreactive gases, samples
can easily be collected in Teflon or Tedlar gas sampling bags. However,
there is increasing interest in real-time sampling/analytical procedures
for gases whether they are reactive or not. That is, an air sample is
drawn directly into the analyzer, and either a chemical reaction is per-
formed or a spectroscopic measurement is made.

3.3.4 Analytical Methods for Tobacco Smoke Constituents

Given the complexity of tobacco smoke, it is probably not an exag-
geration to estimate that the number of analytical methods for tobacco
smoke constituents is probably equal to the number of constituents
identified. A review of all the methods would require volumes and is
beyond the scope of this document. There have been several recent
reviews on various aspects of tobacco smoke analysis, however (Green et
al. 1980; Dube and Green 1982:; Bell 1977; Jenkins 1986; Jenkins and
Guerin 1984) and the reader is directed toward those reviews for more
detail. In general, the methods can be divided into two classes: those
directed toward one specific constituent, and those designec to quanti-
tatively determine multiple constituents simultaneously. With advances
in gas chromatographic capillary column technology, the number of con-
stituents that can be visualized in a given experiment may be as large
as 200. In many cases involving tobacco smoke analysis, the bulk of the
effort is directed toward separation of the constituent of {nterest from
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both the matrix itself and from isomerically similar species. Thus,
because of the chemical complexity of the smoke, many methods that per-
form adequately for other matrices are not sufficiently accurate or
reliable for tobacco smoke.

The following is a brief review of the current analytical tech-
niques used to quantitatively determine tobacco smoke constituents or
compound classes that are believed to be relevant to the problem of gun
smoke exhaust analysis. In most cases, reference is made to a published
manuscript, to which the reader is directed to more details. However,
the citation is only meant as an example, rather than a critical evalua-
tion of the procedure.

3.3.4.1 Permanent Gases

The determination of some of the lower-molecular-weight permanent
gases such as CO, CO2, N2, CH4, and 02 is relatively straightforward. A
gas phase sample is chromatographed on a solid adsorbent support, such
as molecular sieves or polymer resins. In fact, prepacked GC columns
can be purchased to analyze the gases and the lower-molecular-weight
(C1-C6) hydrocarbons. For ambient concentrations of carbon monoxide,
nondispersive infrared analysis (NDIR) may be more useful (Hugod et al.
1978). For oxides of nitrogen (NO, NO2, NOx), the method of choice is
chemiluminescent analysis (Jenkins and Gill 1980). In most commercial
analyzers, the sample gas is mixed with ozone. The NO and 03 react,
producing a product that emits light. In highly concentrated combustion
smokes, the sample handling prior to introduction into the analyzer is
critical, owing to potential interferences from other combustion gases.
For example, collisional deexcitation of the electronically excited NO2
(from the reaction of NO and 03) has been reported for a number of com-
pounds, including carbon dioxide, water vapor, and hydrogen (Matthews et
al. 1977, Siewert 1975). Rapid side reactions of NO and NO2 with
organic gas phase constituents also act to reduce apparent NOx concen-
trations (Phillippe and Hackney 1959; Rathkamp and Hoffman 1970). Rapid
dilution of the smoke with ambient air apparently reduces the concentra-
tion of these potential interferences to the point at which they are no
longer a problem for cigarette smoke analysis (Jenkins and Gill 1980).
Potential positive interferences from chemiluminescing lower-molecular-
weight organic species is usually eliminated by using a 600-mm optical
cut-off filter in the analyzer system.

On-line analytical instrumentation is also commercially available
for the primary sulfur gases, H2S and SO2. The techniques employed
involve either flame-photometric detection (FPD) or UV-induced fluores-
cence. Gas chromatographic methods have been employed for higher-
molecular-weight sulfur containing compounds, usually employing a sulfur
specific detector (Horton and Guerin 1974).

3.3.4.2 Ammonia and Hydrogen Cvanide

Hydrogen cyanide (HCN) is distributed equally between the particle
and vapor phases of mainstream smoke. It has been determined by a
variety of analytical methods, including ion-selective electrodes
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(Vickroy and Gaunt 1972), coulometry (Sloan 1980), colorimetry (Griest ':i
et al. 1980) and gas chromatography (Brunemann et al. 1977). None of ==
the methods is completely satisfactory; all are either time-consuming or 5 o
1 subject to interferences. :,:;
D
! s
Ammonia (NH3) is present in sidestream smoke at levels approaching :2"; "
those observed in mainstream smoke (Klus and Kuhn 1982). It too has : ::
been determined by a variety of analytical methods, including ammonia .. )
: selective electrodes (Sloan and Morie 1976) or gas chromatography (Brun- = !
p nemann and Hoffmann 1975). Interestingly, there have been no reports of LN
: the determination of ammonia in cigarette smoke by NDIR spectroscopy. o
This instrumentation, while expensive, should be sufficiently sensitive A "
and selective for NH3 in tobacco smoke, especially sidestream. (..:; <3
3.3.4.3 Aldehydes "
W
Because of their high degree of reactivity, aldehydes are usually @ :::
quantitated by first reacting the sample with a derivatizing reagent. ".',
{ The resulting derivatives are usually more stable and more chromatogra- & Wy
phable. A reagent commonly used is dinitrophenylhydrazine (DNPH). The ' .
resulting derivatives, the dinitrophenylhydrazones, can be separated ]
conveniently by HPLC. This approach has been used for mainstream v A
tobacco smokes (Manning et al. 1983), ambient air samples (Grosjean o
1982), and diesel exhaust (Lipari and Swarin 1982). i $
.
3.3.4.4 Nitroaromatics el h‘
ey T
Nitroaromatics have been reported in cigarette smoke (Hecht et al. N
1977), but the major recent focus on such compounds has been directed ol ::,
1 toward diesel exhaust. Again, because of their relatively low levels IR
b and potential interferences, major analytical effort must be placed in :‘: '
effective separation of these constituents from the smoke matrix. Use '
of liquid/liquid extraction, followed by liquid chromatography (LC) ?:3-' o)
fractionation, and subsequent gas chromatography with thermal energy K LYy
analyzer (TEA) detection has been reported (Tomkins et al. 1984). An . k:
even more sensitive approach involves the use of reverse-phase HPLC with ,'.\-: t‘&
on-line peroxyoxalate chemiluminescence. In this procedure nitroaroma- o Q,
tics are reduced on line to the corresponding aminoaromatic and are sub-
sequently excited by the energy transfer from the decomposition products =
of the reaction between hydrogen peroxide and bis(2,4,6-trichlorophenyl) Lo
oxalate. The excited aminoaromatics are detected using a conventional =X
fluorescence detector with its light source turned off (Sigvardson and o .
Birks 1984). AR
3.3.4.5 Nitrosamines LN
ot b
Nitrosamines, both the so-called volatile nitrosamines (VNAs) and 04 Ny
the tobacco-specific nitrosamines (TSNAs) have received much attention '_f'-
in recent years. They are much more prevalent in sidestream smoke (thus L oy
exposing individuals involuntarily to these carcinogens) and can be syn- '
thesized in vivo from tobacco and/or smoke related substrates. Because A
such low levels are present in smoke, artifactual formation during trap-
. e ; ﬂ% O
ping is likely unless specific prevenative measures are used, such as %
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adding an anti-oxidation compound to the trapping medium. The sample is
usually isolated by liquid-liquid extraction, followed by liquid chroma-
tography. Final analytical determination is performed by gas chromato-
graphy using a TEA detector under nitrosamine-specific conditions (Brun-
nemann et al. 1980).

3.3.4.6 Metals

For the determination of individual metallic constituents in
cigarette smoke, the particulate matter is collected either on glass
fiber filters or as smoke condensate in cold traps. Depending on the
specific metal in question, analysis of the particulate matter can be
performed by neutron activation analysis (NAA) or atomic absorption
(Wescott and Spincer 1974; Abedinzadeh et al. 1977).

3.3.4.7 Polynuclear Aromatic Hydrocarbons

A very large number of PAHs and alkylated PAHs have been reported
in cigarette smoke. Isomeric discrimination among the various PAHs is
exceedingly important because certain species exhibit carcinogenic and
mutagenic properties, while similar species do not. [For example,
benzo(a)pyrene (BaP) is carcinogenic, while benzo(e)pyrene is not.]

Most of the analytical methods reported employ multistage separations in
order to separate nanogram quantities of PAH from the matrix. For exam-
ple, Tomkins and co-workers have used column liquid chromatography, fol-
lowed by normal phase HPLC and reverse phase HPLC with fluorescence
detection for the determination of BaP in mainstream cigarette smoke
(Tomkins 1985). The method has been reported to be accurate to 5 ng per
cigarette.

3.3.4.8 Volatile Organics

The gas, or volatile, phase of cigarette smoke is defined rather
empirically as that which passes through a standard Cambridge particu-
late filter. As stated above, the most widely used procedure for
analysis of these constituents first requires trapping on a porous
polymer resin such as Tenax-GC. The Tenax is then thermally desorbed,
and the constituents are cryofocused in a liquid nitrogen cooled trap at
the head of the GC column. When the desorption is complete, the liquid
nitrogen is removed, and the column oven is heated as it would be for a
conventional run. Higgins and co-workers (Higgins et al. 1983, 1984)
have used this procedure to simultaneously quantitate more than 30 con-

; Ef stituents in the gas phase of cigarette smoke.
ra s
3.3.4.9 Particle Phase Constituents
)
j\ Most of the major constituents of the particle phase of cigarette
smoke are polar and semipolar hydrocarbons. Many of these possess
o hydroxyl or carboxylic acid functional groups and, as such, are not par-
;o ticularly amenable to direct gas chromatographic analysis. One popular
n approach to multicomponent analysis of such species is to derivatize the
! particulate matter extract with a powerful silylating reagent, such as
, Q§i N,O0-bis(trimethylsilyl)-trifluorcacetamide (BSTFA). In the
L )
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derivatization reactions, all active hydrogens (i.e., those attached to
oxygen or nitrogen) are replaced with tri-methyl silyl groups, resulting
in a much more volatile compound. The derivatized extract can then be
chromatographed, using conventional packed or capillary GC columns.
Using capillary columns, more than 80 major constituents of the particu-
late matter can be readily visualized (Ishiguro and Sugawara 1978).

3.4 INDUSTRIAL HYGIENE SAMPLING METHODS

Some of the most widely used techniques for personal monitoring are
briefly covered in this section. Since the methods are applicable to
most exposure environments, they are discussed collectively in this sec-
tion rather than separately for each area. It should be noted, however,
that many of the techniques for ambient air analysis discussed for the
topics above are also appropriate for industrial hygiene monitoring.

Standard NIOSH methods for the determination of various species in
air are available (NIOSH 1984), and reviews covering recent advances in
industrial hygiene monitoring have been published in Analytical
Chemistry biennially (Melcher and Langhorst 1985, and Melcher 1983).
Specific topics in the area of environmental monitoring are also covered
in certain American Society for Testing and Materials (ASTM) publica-
tions (ASTM 1980; ASTM 1982). The reader is referred to these articles
and other reviews on monitoring (Wallace and Ott 1982) for greater
detail regarding various techniques. It should also be noted that the
U.S. Army Environmental Hygiene Agency (USAEHA) has available an indus-
trial hygiene sampling guide for monitoring various compounds in air
(Belkin and Bishop 1982). 1Included in the manual are recommended sam-
pling methods, sampling volumes, storage and transport procedures, and
methods for collecting field blanks.

Environmental contaminants can be classified depending upon their
volatility (i.e., substances that are gases, substances of intermediate
molecular weight that have appreciable vapor pressures at room tempera-
ture, and compounds of low volatility associated with solid particula-
tes). Sampling methods are directed toward each of these classes. The
most appropriate technique for a particular application (e.g., moni-
toring CO levels for individuals exposed to gun smoke) will depend upon
a variety of factors including environmental conditions, required sensi-
tivity, time constraints, etc,.

Gases can be collected in bags or pre-evacuated cylinders, trapped
on various sorbents (see discussion on passive dosimeters below), or
determined with direct reading sensors. A disadvantage of container
collection is that it may not provide an integrated response over an
entire exposure period. Adsorption of the compound of interest on the
container surface or loss by diffusion through the bag may also necessi-
tate rapid analysis following collection. In a study conducted by Brown
(1985) difficulties encountered in sampling and analyzing reactive gases
that are generated during weapons firing (i.e., NO, NO2, HCN, and HCl)
were specifically documented. Nitrogen dioxide was found to dimerize to
nitrogen tetroxide at room temperature and nitric oxide was found to
react with trace oxygen to form nitrogen dioxide and dinitrogen
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trioxide. Hydrogen chloride and hydrogen cyanide were found to rapidly
condense at room temperature. These results indicate that these species
should be determined directly and not collected for subsequent analysis.
Reactions between these compounds and stainless steel sampling cylinders
also resulted in significantly reduced concentrations and the formation
of artifacts.

Direct reading sensors provide both an early detection warning if
exposures exceed permissible levels and immediate quantitation of a con-
taminant. Colorimetric reactions between a gas or vapor with a chemi-
cally sensitive reagent or sorbent (e.g., Draeger tubes and reactive
paper tapes) form the basis of one type of sensor. Some factors that
must be taken into consideration when using these devices are response
time, interferences from other gases or vapors, sensitivity, accuracy,
and humidity effects. Instrumental monitors are also available for the
direct determination of certain gases (e.g., continuous CO monitors and
chemiluminescent NOx monitors). They offer portability, high specifi-
city, and sensitivity.

Organic vapors (compounds with carbon number from approximately Cj5
to C20) are ordinarily sampled on solid sorbents. These are convenient
to use and can provide time-weighted average (TWA) exposures. The sam-
ple is drawn through a cartridge containing the sorbent with battery
operated personal pumps. Charcoal, silica gel, alumina, or porous
polymers (e.g., Tenax, XAD resins) are commonly used, although various
chemically modified or treated GC packings may provide greater specifi-
city. Once collection has been completed, the trapped substances are
eluted from the cartridges, either by thermal desorption or by washing
with an appropriate solvent. Aliquots of the solvent washes are then
injected into a GC for separation and analysis of the constituents. In
the case of thermal desorption, the compounds are usually cryogenically
retrapped at the head of a chromatographic column prior to analysis.

The sensitivity that can be obtained is dependent upon sampling time and
rate, detection method, chromatographic resolution from interfering com-
pounds, and other factors, but is ordinarily in the ppm or even ppb
range. Thermal desorption usually provides greater sensitivity, since
the entire sample is analyzed. Equipment is commercially available for
automated desorption, which interfaces with most GCs. Some estimation
of collection and desorption efficiency and breakthrough volume (which
are dependent upon sample concentration, sampling rate and time, quan-
tity of sorbent, and efficiency of the cartridge packing) is required.
Cartridges are often packed in two sections, separated by a small plug
of glass wool. If the constituent of interest is found on the second
section, then breakthrough is known to have occurred and quantitation in
this case may not be reliable., Other factors that must be considered
are compound stability on the sorbent and artifact formation during elu-
tion, which could interfere with the overall analysis.

Solid sorbents are also employed in passive dosimeters. These
devices provide TWA concentrations and can easily be used to obtain
breathing zone levels since they do not require pumps or tubing. Com-
pounds are collected according to principles of mass transport across a
diffusion layer or by permeation through a membrane. Since the rate at

-135-

e s e e pemen oo eneremen
R S AN R N RO H T A

P
-

Py e N AN

K -.-
7

(77

& 4

{* %

b2



' () 0 S N {3 N LY O o ]
LAOMONOA Y A0S OISR l".‘.'].‘, M i it 0 Q?l LO‘.J‘.‘) MO L

AR R RN KRN AT A N O RN B WO R Pah® 2.0 A" 22" 4\ 4 08" 0" 87 8% 8%a 0% G\

which a gas permeates a given membrane is constant, the total mass col-
lected is a function of concentration in air and sampling time. 1In dif-
fusional dosimeters the gases follow Fick’s law from the apertures on
the front of the badge through a diffusion space to the collecting
medium (Melcher 1983). Design parameters influence sensitivity and
range. The relationship between vapor concentration and the weight of
material collected is given by (Fick’s law): M = D x A X C x t / L where
M is the total mass of the compound collected, D is the molecular dif-
fusion coefficient, A is the diffusion path area, C is the environmental
concentration, t is the sampling time, and L is the diffusion path
length (Melcher 1983). Activated charcoal is most frequently employed
as the sorbent. Sampling efficiency, capacity, humidity, competitive
sorption by other vapors, and air velocity are factors to be considered
in the use of diffusional monitors. Sensitivity for all passive
dosimeters can be increased with longer sampling times. They have been
used for both long-term sampling (24 hours to 1 week) and for short-term
exposures (30 min). Analysis involves solvent extraction or thermal
desorption of the sorbent and usually chromatographic determination.
Several commercial monitors are available for determining organic
vapors, and some have been designed to selectively determine specific
compounds (e.g., formaldehyde, ethylene oxide, benzene). Others have
been developed to determine inorganic gases (e.g., NO2, NOx, S02, H2S,
HCN, CO) or heavy metals. These may contain a reactive chemical in a
small vial or coated on a solid support. Spectroscopic measurements are
often used for determining the inorganic species. Greater detail on
specific methods can be obtained from references in the industrial
hygiene reviews cited above,

Sampling methods for particulates may be aimed at determining total
mass, size, and size distribution or toward determining specific chemi-
cal content. Ordinarily the samples are collected with the aid of cali-
brated pumps followed by filters, impactors, or impingers. Filters of
different sizes, porosity, and material (e.g., glass, cellulose, syn-
thetic polymeric, and ceramic fibers) that differ in their collection
efficiencies for various particle sizes are available. Total particu-
late matter (TPM) is most often determined by gravimetric measurements
(direct weighing of a filter pad), although microscopic examination with
counting techniques is also used. Adsorption of moisture by the filter
may influence gravimetric measurements, although controlling the hum-
idity prior to weighing may eliminate problems. High-volume samplers
for determining TPM draw_air into a covered housing and through a filter
(at a rate of 1 to 1.5 m3/min) by means of a high-volume blower. Once
the sample has been collected on a filter, it may then be solvent-
extracted for further analyses by liquid or gas chromatography, mass
spectroscopy, or other methods. Collection of respirable particulates
(i.e., particle size <10 pm) can be accomplished with cyclones and elu-
triators (see Melcher and Langhorst 1985 for descriptions). Size dis-
tribution can be measured by several methods. The two methods most com-
monly utilized are cascade impaction and optical particle counting. The
cascade impactor (CI) instrument draws an air sample through a small
orifice sized to admit a desired particle size range. The exiting par-
ticles are impinged onto a flat plate or stage (e.g., glass cover slips)
that serves as a collector. The collected residues can then be
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chemically analyzed or weighed. CI instruments generally contain
several stages with a terminal, downstream collection media, and a final
filter to collect any undeposited aerosol/particulate matter (Bright and
Fletcher 1983). Personal aerosol samplers that collect an inhalable
fraction on an impaction stage and the respirable fraction in a filtra-
tion stage have been described (Bright and Fletcher 1983). Particle
losses in an impactor, generally referred to as wall losses or inter-
stage losses, occur due to deposition of particles on surfaces other
than the impaction plate. Currently, no theory exists to predict these
losses. Thus, they must be determ...ed experimentally using standard
test aerosols and comparative test methods (Marple and Willeke 1984).

On the other hand, the optical particle counter (OPC) measures the par-
ticle size distributions in real time so that aerosol data may be
obtained fairly rapidly and semiautomatically. The OPC determines the
optical diameter of the particle based on the intensity of light scat-
tered by individual particles. However, the intensity of the light
depends upon the optical properties of the particule and may not be
directly related to aerodynamic diameter (Willeke and Liu 1976).

While the CI instrument does measure the aerodynamic diameter of
the sample, as deposited, the measurement is not performed in real time.
Reactive particles, evaporation effects, coalescing growth, and rico-
cheting particles can lead to errors in measurement of complex aerosols.
Because munitions produce hot, partially oxidized gases and potentially
reactive particulate matter, other particle sizing techniques may be
more useful for gun smoke characterization. For example, laser-
actuated, acoustic relaxation techniques may be utilized for measuring
aerodynamic diameters of particulate smokes in real time to supplement
or augment CI and OPC measurements.

A single particle aerodynamic reiaxation time (SPART) analyzer has
been utilized by our laboratories for monitoring process aerosols that
are formed by gas phase reactions. Also, aerosol formation by various
nucleation processes (e.g., heterogeneously or homogeneously) may be
studied with the SPART technique. This instrument, developed by Univer-
sity of Arkansas experimenters (Mazumder and Kirsch 1977), consists of
three basic compc ients: (1) a laser Doppler velocimeter (LDV), (2) an
acoustic chamber, and (3) electronic signal and data processing circui-
try. The LDV is used to monitor the oscillations of an aerosol particle
in an applied acoustic field. The aerosol sample is drawn inside the
acoustic chamber, where the sensing volume of the LDV is located. The
particle motion lags behind the acoustic excitation by an amount that
depends upon the particle’'s aerodynamic diameter. This phase lag may be
measured by a fast data processor that performs the computation of the
particle’s aerodynamic diameter. The instrument can accommodate aerosol
flow rates of only 200 particles per second, however. While the dynamic
range of size fraction is wide (0.3 to 10.0 um). the "sharpness of cut"
is not as precise as is obtainable with well constructed CIl instruments.
Calculations of mass concentration are based on the assumption of a
spherical particle of unit density. Some other instrumental techniques
that may be useful for gun smoke characterization are differential
mobility (Alofs and Balakumar 1982), electrical aerosol analysis (Liu
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and Whitby 1974), condensation nucleus counting (Sinclair and Hoopes
1975), and piezoelectric crystal mass loading (Sem and Tsurubayaski

, 1977). These measurements may be applied to provide meaningful aerosol
:1 data (Lore and Skeen 1985).

-

3.5 RECOMMENDED STRATEGIES FOR DETERMINING THE CHEMICAL
COMPOSITION OF GUN EXHAUST

A B2 4

R . Ra

v 2

{. Methods used to characterize cigarette smoke and diesel and gaso- _
K line exhaust were reviewed in the sections above to identify strategies A I
o that may be appropriate for determining gun combustion products. 2@ \

Despite major differences in the combustion processes of these various
"fuels" compared to that of a fired weapon, similar products are formed,
) so sampling and analytical requirements may be the same. From our

Y literature review on weapon's exhaust it was also determined that the

i compositional information presently available is very limited. The

A majority of information has been obtained in support of ballistics stu- ga
3 dies in which thermodynamic properties of the propellants or the perfor- 8
mance characteristics of a weapon were the primary factors under inves-

tigation. It is from these studies that the major gaseous constituents o
were determined (i.e., CO2, CO, N2, H2, and H20). Few studies have '\j
examined the composition from a more detailed perspective or particu- -
larly from a toxicological standpoint. The investigations that have c
been conducted have largely focused on toxic gaseous species. Compounds ’;i

==

& PN

o identified include NOyx, SO2, NH3, COS, H2S, and low-molecular-weight

hydrocarbons. In some cases these gases were only detected and not
. quantitated. Other studies have specifically examined only lead or lead a7
: and other metals. The analysis of ambient air in indoor rifle ranges, S

for example, has been chiefly restricted to inorganic lead determina- \

1 tions. vg

-

3, » ]
b It is known that the firing of a weapon produces smoke that has a e N
u vapor phase and particulate phase component. The particulate matter , k
contains not only metals (erosion products from the gun barrel and cham- ﬂk .
ber or volatilized metal from the projectile) but also uncombusted pro- s
pellant and propellant transformation products. Very little information
8 is available on the composition of the particles and higher-molecular- ol
; weight components in the vapor phase. Perhaps the most comprehensive ‘ﬂq
ﬁ examination of gun exhaust for a given propellant formulation and weapon |
< type was conducted by Ase et al. (1985) where, in addition to some -
y gaseous constituents and inhalable particulates, volatiles (70 to 90 :f; h
B compounds) in the vapor phase and some specific organics in the particu- e
{ late phase (PAHs) were determined. The study, however, is not exhaus- '
tive and certain important classes of compounds (e.g., nitro-PAHs) were ;:f )
[ omitted. Difficulties were also encountered in generating the exhaust TR
5 and in sampling, which may have influenced the results. Further studies 3
' are needed to verify their findings. > ¢
X The studies conducted on gun emissions are also difficult to com- -~ 3
[ pare or correlate, since conditions used to generate samples have in O
u most cases been different. There are presently no standard methods for 33: :
wh
o} "
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producing the exhaust for compositional or toxicological evaluation.
Combustion conditions are known to influence the final products both
qualitatively and quantitatively. This is also the situation for gaso-
line, diesel, and tobacco products, but in these cases standard methods
have been developed. For cigarettes, standard puffing conditions have
been specified and data are usually reported for smoke produced under
these circumstances. Standard reference cigarettes are also available,
allowing methods to be validated and results to be correlated.
Currently in the case of gun exhaust, results obtained under one condi-
tion are difficult to relate to one another. For example, the products
generated in a closed bomb may not represent what is generated by actual
firing of a weapon in the field. The absence of a standard method also
makes it difficult to determine what precise influence changes in the
formulation of the propellant or primer will have on the products.

The military recognizes that certain toxic species (lead, lead com-
pounds, and certain toxic gases) present in weapons exhaust may have
short-term debilitating effects for personnel confined to areas where
they are in direct proximity to the emission source (e.g., crew person-
nel in armored vehicles). Accordingly, they have issued test opera-
tional procedures (TOP 1984) for measuring certain species during the
firing of vehicle armament. The effects (including long-term health
effects) of other compounds are unknown. The necessity for evaluating
the toxicological properties will depend upon the precise chemical com-
position of the exhaust. Additional studies are required for a detailed
characterization. In particular, information is needed on the contribu-
tions of certain compounds or classes of compounds to the total exhaust.
There is also a specific lack of data on organics in the vapor and par-
ticulate phases.

This document, which has reviewed the available literature on gun
exhaust and examined approaches used to characterize other complex com-
bustion products, points to two major areas where additional study or
developments are required to fully define the chemical and toxicological
properties. Most notable is the need for standardized methods for gen-
erating the exhaust products. A test environment where temperature,
concentration, humidity, background, and other variables can be accu-
rately controlled should be developed. This may be accomplished by con-
structing a chamber to contain emissions produced by firing a weapon,
similar perhaps to the test stand approach used by Ase et al. (19853).
The emphasis should be placed on collecting gases from the breech com-
partment since these products will in all likelihood be the major source
in most exposure cases. Alternatively, a propellant may be burned in a
manner that simulates the firing of a weapon and the products contained
in a device that would allow sample withdrawal and analysis. Whichever
approach is used, the test environment would greatly facilitate the
analysis of major constituents (gases, total organic vapor concentra-
tion, total particulate concentration, and elemental composition). It
would also allow the determination of trace-level compounds of known
toxicity. The test environment could also be used to validate sampling
methods for field applications or to evaluate methods for removing
exhaust in crew compartments. The development of a generator system
will be specifically addressed in Volume II of this report.

NN NI

x5

...-

DA%

K

T RAFTIAV L

7
%

e e

AaaTa¥



- -~

§ e -

A second focus should be placed on field studies, which may be con-
ducted concurrently with the controlled chamber experiments. Efforts
should be directed toward obtaining samples under worst-case (maximum
exposure) conditions (e.g. sustained rates of fire or firing of large

"caliber weapons). Range-finding field studies that would indicate the

maximum exposure under certain conditions would help define the problem.
One outstanding feature that is apparent from our review of the litera-
ture is that the data available are highly variable and do not give
clear indication of the significance of exposures to gun exhaust. Stan-
dardized sampling methods that have been successfully used to monitor
exposures (NIOSH methods) or methods that have proven reliable for
ambient air analysis should be employed (see Table 3.7).

Since it may not be feasible to examine all weapons and propellant
combinations, one weapon, munition, etc. could be selected for careful
detailed characterization both in the field and chamber. The system
chosen for study may be the one most frequently employed under condi-
tions where exposures occur (e.g., guns that are mounted on armored
tanks). From these data, then, the charge weight, etc. can be ascer-
tained.

The information that is obtained from either the field or con-
trolled chamber studies can then be used to supplement or modify, if
necessary, the other approach. The average concentrations determined in
field experiments, for example, may dictate the range of concentrations
that should be examined in chamber studies. Sampling and analytical
methods for a particular compound that are found to be unreliable in a
test environment due to interferences from other species would not be
recommended for use in field investigations.

Recommendations for analytical and sampling methods for species
reported to be present or likely to be present in weapons exhaust are
given in Table 3.7. These methods were selected because they have been
found to be valid for determining combustion products from other sources
(i.e., gasoline and diesel exhaust and tobacco smoke) or are standard
methods for monitoring exposure. Since problems in collection or
analysis that are unique to gun exhaust may be encountered, modifica-
tions or additional methods development may be required in some cases.
The candidate methods do, however, represent techniques that have been
successfully applied to complex combustion products and thus have a high

-probability for successful application to gun exhaust. It should be

noted that laboratory studies allow the application of more sophisti-
cated procedures that may offer greater specificity or sensitivity as
compared with methods used for field testing where there are constraints
of portability and ruggedness for real-time analysis. References are
provided for each method. They give details regarding the procedure
that may include detection limits, possible interferences, precision,
and advantages and disadvantages. These references should be consulted
for specific information.
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