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ABSTRACT

A simplified mass spectrometric technique has been
devised for determining the aromatic content in hydrocarbon
mixtures of the type that have been recovered from adsorp-
tive carbon samplers exposed in the atmospheres of nuclear
submarines. The method is based on the summation of ion
currents at mass-to-charge ratios (m/e) of 27, 28, 29, 41,
43, and 57 for aliphatic hydrocarbons and 39, 51, 52, 77, 78,
91, 92, 105, 106, 119, 120, 133, and 134 for aromatic hydro-
carbons. The mass spectrometric results agree reasonably
wellwith the Fluorescence Indicator Adsorption analyses of
the same samples.

While, due primarily to cost and operational complexity,
no available mass spectrometers are suitable for shipboard
operation, future developments in the field of mass spec-
trometry should be carefully o b s e r v e d for advances that
make such use possible.
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MASS SPECTROMETRIC DETERMINATION OF THE ALIPHATIC
AND AROMATIC CONTENT OF A HYDROCARBON MIXTURE

INTRODUCTION

The accumulation of organic vapors and gases in closed habitable spaces such as
nuclear submarines and, to a lesser extent, spacecraft is both a nuisance and a hazard.
These vapors contribute a disagreeable odor and, more seriously, may contain compounds
which exceed maximum allowable concentrations for continuous exposure. The bulk of the
compounds identified have been hydrocarbons evolved from paints, fuels, or solvents used
in the confined space (1).

While aliphatic hydrocarbons are of limited toxicity, the hydrocarbon mixture collected
by carbon samplers on nuclear submarines has always contained an appreciable fraction of
aromatic hydrocarbons (2). The presence of these compounds even in low concentrations
constitutes a recognized hazard to personnel subjected to extended exposure (3).

None of the various instruments currently in use in nuclear submarines for atmosphere
analysis or monitoring are capable of measuring the aromatic hydrocarbon content of the
atmosphere, although instrumentation is being developed for total hydrocarbon analysis
based on gas chromatographic techniques (4).

Mass spectrometric analysis has been advanced as a possibility for the determination
of the aromatic content of hydrocarbon mixtures such as are found in nuclear submarine
atmospheres but, at the present, there are no mass spectrometers suitable for shipboard
use due to their cost and complexity. Developments underway elsewhere, primarily in
conjunction with upper atmosphere sampling devices employing rocket-borne mass spec-
trometers, offer promise that these drawbacks may be reduced or eliminated.

THEORETICAL

Mass spectral analysis of organic compounds is based on the fragmentation of the
organic molecules into characteristic ion fragments by means of a controlled intensity
electron beam followed by determination of the relative abundance of fragments at various
mass-to-charge (m/e) ratios. A neutral radical is formed concurrently with the positive
ion but is not detectable by the collector system of the mass spectrometer. Every com-
pound behaves in a characteristic manner; the relative abundances of the charged particles
of various masses serve for identification and the size of the largest ion current serves
for the quantitative estimation of the parent compound.

For application to aromatic class-analysis, the property of aromatic compounds to
produce certain specific mass numbers in high yield is utilized. Aliphatic compounds
produce another series of primary mass fragments. As defined in this work, any com-
pound containing a benzene ring (either isolated or fused) in its molecular structure is
considered to belong to the aromatic class. Any hydrocarbon lacking such a group is con-
sidered to be in the aliphatic class.

The three most abundant mass-to-charge ratios of some representative compounds
that have been identified in the atmospheres of nuclear submarines are presented in Table 1.
There is no similarity in the major fragments produced by the two functional classes of
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Table 1
The Three Most Abundant Mass Spectral Peaks of Some
Hydrocarbons Identified in Submarine Atmospheres'

Major Ion Fragments (m/e)

Compounds (1) (2) (3)

Aromatic

Benzene (C 6 H6 ) 78 52 51

Toluene (C7H5 ) 91 92 39

Xylenes (C8 H10 ) 91 106 105

Ethylbenzene (CH 10) 91 106 51

Ethyltoluenes (CH,2 ) 91 120 39

Trimethylbenzenes (C9H12) 105 120 119

n-Propylbenzene (C9H12) 91 120 92

Diethylbenzenes (C10H14) 119 105 134

Aliphatic

n-Butane (C4H10) 43 29 27

Isobutane (C4Ho) 43 41 42

n-Pentane (C5H1 2) 43 42 41

Isopentane (C5H12 ) 43 42 41

Cyclopentane (C5 H10 ) 42 70 55

n-Hexane (C6H14 ) 57 43 41

Cyclohexane (C6H12 ) 56 84 41

n-Heptane (C7H1 6) 43 41 57

2,2,4-Trimethylpentane (C7H1 6) 43 57 41

n-Octane (C8H, 8 ) 43 57 29

n-Nonane (C 9 H 2 0 ) 43 57 41

n-Decane (C10H22 ) 43 57 41

n-Undecane (C11H2 4 ) 43 57 41

n-Dodecane (C12 H26 ) 43 57 41

*Relative abundance data obtained from American
Institute Research Project 44 reports.

Petroleum

2



NAVAL RESEARCH LABORATORY

compounds. The aromatic compounds listed give only 11 major m/e ratios, while the
aliphatic compounds listed give 10 different ratios. There is some interference between
hydrocarbon classes at masses of lesser importance but this is small compared to the
total spectrum. As an example, n-heptane (C7H1 6 ) has an ion current peak at m/e 91, an
aromatic fragment, but the contribution to this m/e ratio is only 0.01% of the aliphatic
ion current at m/e 43 and 0.007%0 of the total ion current spectrum. Similarly ethylben-
zene makes a contribution to the m/e 43 ion current but the contribution is only 0.19% of
the ion current at m/e 91 and 0.002%/ of the total ion current. The three ion fragments
listed in Table 1 for ethylbenzene account for 55% of the total spectrum, and those listed
for n-heptane account for 44% of its spectrum (5). These examples are typical.

The fact that hydrocarbons of different classes form ions at different m/e ratios has
been used in the petroleum industry for some time for class or "type" analysis (6). The
procedure employed there is too involved for use on board submarines by nontechnical
personnel, and has consequently been simplified in the following presentation.

EXPERIMENTAL PROCEDURE

The mass spectral analysis of organic mixtures typical of those found in nuclear
submarines takes place in five basic steps.

1. A mass spectrometer calibration or sensitivity determination is made using
n-butane as a standard. The ion current at mass 43 under normal operating conditions
of the mass spectrometer is determined for a known pressure of n-butane.

2. The relative sensitivity of the system to the two hydrocarbon classes under con-
sideration here is determined. This information can be found experimentally or obtained
from data in the literature. Brown (7) has prepared a series of graphs for hydrocarbon
classes in various molecular weight ranges which relate the sensitivity (ion current per
micron pressure) for the characteristic aliphatic and aromatic mass numbers (m/e
ratios) to that of the mass 43 peak of n-butane under equivalent conditions (ionizing cur-
rent and excitation voltage) in the spectrometer. A condensation of this data is presented
in Fig. 1 for C7 , C8, C9 , and C10 aromatic and aliphatic hydrocarbons. Similar calibration
curves are available for other hydrocarbon groupings or classes. To use this data prop-
erly it is necessary to know the average number of carbon atoms per molecule in the
mixture; this can be determined experimentally by conventional techniques (i.e., vapor
density determinations). For these hydrocarbon mixtures, which were obtained by desorp-
tion of carbon exposed in the atmosphere of nuclear submarines, an average of nine car-
bon atoms per molecule was assumed for both the aliphatic and aromatic fractions. As
is evident in Fig. 1, the simplified method described here is relatively insensitive to this
parameter provided the average number of carbon atoms per molecule is similar for the
two classes of hydrocarbons.

3. The unknown sample is introduced into the mass spectrometer and the sum of the
ion currents associated with the characteristic aliphatic and aromatic currents is deter-
mined. The aliphatic ion currents are summarized at m/e ratios of 27, 28, 29, 41, 43,
and 57; the aromatic ion currents of interest are at m/e ratios of 39, 51, 52, 77, 78, 91,
92, 105, 106, 119, 120, 133, and 134. These two sums could be presented automatically
at the end of a run with the aid of a simple computer attachment.

4. The summed ion currents for the two individual groupings, aliphatic (ER) and
aromatic (LAr), are converted to pressure readings by dividing by the sensitivity obtained
for the C9 hydrocarbons shown in Fig. 1 at the measured n-butane sensitivity.
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Fig. 1 - Sensitivity to the sum of characteristic
aromatic and aliphatic ion fragments relative to
sensitivity to mass 43 ion of n-butane

5. The two pressure readings are converted to relative liquid volumes by multiplying
by the factors 1.78 and 1.33 for the aliphatic and aromatic types, respectively, which
relate vapor densities to liquid densities (7). The relative liquid volumes can be con-
verted readily to volume percents of aromatic and aliphatic compounds in the mixture.

RESULTS

The above procedure was checked experimentally by the analysis of a series of hydro-
carbon mixtures which had been desorbed from carbon samplers exposed in operational
nuclear submarines and which had previously been analyzed by a conventional technique,
Fluorescence Indicator Adsorption (FIA), for aromatic and aliphatic content. All mass
spectra were obtained on a CEC Model 21-103c mass spectrometer equipped with a 21-084
all-glass heated inlet system. The excitation energy was 70 volts and the ionizing current
was 10,iamp.

The comparison of the mass spectrometric and FIA analyses is given in Table 2.
The two sets of results, with one exception, are generally in excellent agreement. The
reason for the one discrepancy is not apparent. Analytical time for each sample by the
mass spectrometric technique, including that for manual handling of the data and calcu-
lation of results, was less than 15 minutes.

CONCLUSIONS

These analyses were carried out with a general purpose research instrument on hydro-
carbon samples that had been adsorbed on carbon and later desorbed. It is conceivable that

v Z | |
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Table 2
Type Analysis of Hydrocarbon Samples from Nuclear

Submarine Atmospheres by the Mass Spectrometric and
Fluorescent Indicator Adsorption Techniques

Analytical Method

Mass Spectrometer Fluorescent Indicator
Sample No. Adsorption

Aromatic Aliphatic Aromatic Aliphatic
(%) (%) (%) (%)

214 29.9 70.1 29.6 70.4

221 27.1 72.9 25.2 74.8

228 25.9 74.1 36.8 63.2

242 25.5 74.5 23.0 76.5

N-554 36.5 63.5 37.0 63.0

N-662 25.0 75.0 23.1 77.0

N-689 24.0 76.0 23.7 76.3

specially constructed mass spectrometers could be designed to handle directly the air
samples containing hydrocarbon contaminants and programmed to give direct readout of
the analytical results.

These experiments indicate the feasibility of applying mass spectrometric techniques
to characterize the aromatic content of hydrocarbon samples of the type encountered in
nuclear submarine atmospheres. It should be possible to extend this procedure to the
analysis of other classes of compounds having identifiable characteristics, e.g. halogen-
containing compounds, olefins, etc.

At the present state of the art, it would not be practical to put a mass spectrometer
on a submarine for routine monitoring purposes due to its excessive cost, specialized
operational requirements involving electronics and high vacuum technology, and the neces-
sity for extensive sample preparation involving adsorpiton and desorption from carbon
samplers. Advances in the art of mass spectrometry are being made continuously so
that this situation may change radically within the next few years and a suitable design
for shipboard use may evolve.
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