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ABSTRACT

A proton NMR (nuclear magnetic resonance) method has been
developed for determining the organic loading on adsorbent type
charcoals. The NMR procedure compare s in accuracy with the
steam-desorption method, but it requires only a two-gram char-
coal sample and a simple room-temperature carbon tetrachloride
extraction. Certain contaminants and classes of contaminants
may be identified directly from the NMR spectrum of the extract.
The study employed 14 samples from the main carbon filters of
nuclear submarines, whose organic loadings had been previously
determined by the steam-desorption method.

Generally, NMR appears to be preferable to steam desorption
for determining organic loading. However, since the NMR method
does not detect fully halogenated compounds, it should not be used
alone if unusually large concentrations of these contaminants are
suspected.

The use of this method is restricted to a shore-based installa-
tion, since the size and weight of an NMR spectrometer preclude
the use of this instrumentation aboard a submarine or spacecraft.
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NMR METHOD FOR DETERMINING ORGANIC
LOADING OF CHARCOAL

INTRODUCTION

Conventional methods for determining the organic loading on adsorbent charcoals
such as are used for air purification in nuclear submarines or spacecraft involve the
use of heat and vacuum (vacuum desorption) (1) or superheated steam (steam desorp-
tion)(2). These methods suffer two major shortcomings, namely, long processing time
and poor sensitivity. There is also the chance for product degradation during desorption,
and with the steam method, the possibility of loss of low-boiling and water-soluble com-
ponents. Identification of components requires the use of separative procedures, such as
fractional distillation and liquid or gas chromatography. Processing of the desorbate
can, of course, consume much effort if identification of several components is required.

High-resolution proton NMR (nuclear magnetic resonance) spectroscopy provides a
sensitive and straightforward analytical method for the identification and quantitative
measurement of hydrogen-containing materials. NMR can be applied to the analysis of
many atmospheric contaminants collected on carbon adsorbents, provided a semiquanti-
tative transfer of the adsorbate to a solvent can be effected; suitable NMR spectra are
not obtainable directly from the carbon sample, because of the restricted motion of
adsorbed molecules and the consequent broadening of spectral lines. The initial tech-
nique tried-displacing the adsorbed material from the charcoal with an excess of CC1 4-
proved to be satisfactory. Carbon tetrachloride was chosen as the eluent, since it does
not contain protons which might interfere with the subsequent NMR analysis. Two factors
governed the choice of the charcoal to CC14 ratio: (a) the volume of CC14 should be kept
small so that the extract will be as concentrated as practicable, resulting in maximum
sensitivity; (b) for uniform desorption, the liquid level should cover the solid. The opti-
mum combination was I ml of CCl 4 per gram of charcoal. Since the retention of CCl 4
by lightly loaded charcoal was substantial, a minimum sample size of 2 grams of char-
coal and 2 ml of CC14 solvent was necessary to ensure enough extract for NMR analysis
(0.5 ml). In the standardized procedure, the room-temperature displacement process
requires only four hours.

The NMR method also provides a solution to the problem of identifying several
classes of compounds without further processing of the desorbate. This result is possible
because the proton NMR signals of compounds of greatest interest-aromatic, chlorinated,
and aliphatic hydrocarbons-fall in distinctly different portions of the spectrum. It is
fortuitous that methyl chloroform, a compound of particular current interest, produces
a sharp signal in the NMR spectrum which is well separated from that of any other
expected contaminants.

The accuracy of the NMR method and its utility for component identification were
assessed using 14 charcoal samples of known organic loading, obtained from the main
carbon filters of operational nuclear submarines.

EXPERIMENTAL PROCEDURE

Sample Preparation

In a 15- or 30-ml glass-stoppered weighing bottle are placed 2 g of charcoal and 2
ml of CC14 doped with 3 percent tetramethylsilane (TMS), which serves as an internal



MONIZ AND PORANSKI

lock signal for the NMR analysis. During the extraction, the weighing bottle is gently
agitated on a shaker table. After the extraction period (four hours in the standardized
procedure), the CC1 4 solution is decanted into a microfunnel containing a medium-porosity
sintered-glass filtering disc; particulate matter is thus prevented from entering the NMR
sample tube into which the funnel empties. The funnel is loosely stoppered during filtra-
tion to minimize evaporation of the extract. After approximately 0.5 ml of filtrate has
collected in the NMR tube, it is capped and the liquid volume estimated to 0.01 ml by
comparison with a height-of-fill scale which had been constructed by introducing known
volumes of liquid into a similar precision NMR tube. To the sample tube is then added
2.83 percent vol/vol of the calibration standard, nitromethane. The tube is recapped,
labeled, and sealed with Glyptal.

NMR Analysis

A high-resolution spectrum of the sample was run on a Varian HA- 100 spectrometer
using the 1000-Hz sweep width. Normally, the nitromethane peak is the tallest, and it is
kept just on scale. In a heavily loaded sample, the aliphatic peak will be larger, and
gain is adjusted to keep it on scale. Integrals were run in triplicate, using full pen deflec-
tion. Control blanks were run to make corrections for impurities in the nitromethane.

CALCULATION OF LOADING

One or more samples of known loading are necessary to convert the NMR data to
organic loading. In the present work, the loadings of the 14 samples had been previously
determined by the steam-desorption method. Two samples, C-242 and C-317, wereused
to calibrate the NMR method as follows. The integral of the nitromethane peak is an
absolute quantitative reference, representing a specific number of protons per unit volume
of solution. The sample integral represents a specific amount of desorbate per unit
volume of solution. The ratio R of the sample integral to the nitromethane integral is
than an absolute measure of the amount of desorbate. A correction for the dilution of
the CC14 by the desorbate is incorporated in the calibration factor C, which is discussed
below.

The amount of adsorbed water on the charcoal cannot be determined in either the
steam-desorption or the NMR method. Independent studies (3) have shown that water
content is inversely proportional to organic loading for typical submarine charcoals.
Since a lightly loaded charcoal contains 6 to 7 percent by weight of water, the steam-
desorption loadings for such charcoals will be spuriously low. The error amounts to
about 0.4 percent absolute for 5-percent loading, which is smaller than the claimed
accuracy of the steam desorption method. Therefore, in what follows, the water content
of samples is neglected.

Because the charcoal sample which is used contains adsorbed organic components,
not all of its weight represents charcoal. Therefore, in calculating the percent loading
(which is based upon the weight of the "empty" charcoal), the weight of the organic load-
ing must be subtracted from the total sample weight. Since R. as defined above, is pro-
portional to the amount of desorbate, we can define CR as the absolute weight of organic
loading per gram of loaded charcoal. The charcoal dry weight is then 1 - CR, and the
percent loading is 100[CR '1 - CR 1 . The calibration factor C depends upon the loading,
because the dilution of the CC14 varl.es with the quantity of material desorbed. It also
depends upon the extraction time, and becomes smaller as a larger fraction of the loading
is desorbed. For each series of runs with fixed desorption time-that is, 1/2 hr, 4 hr.
20 hr, etc. -C vs R plots were calculated from the corresponding NMR data on charcoals
C-242 and C-317, and their loadings as determined by stearn desorption. Figure 1 shows
the calibration for a four-hour extraction period.
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Fig. I - Calibration of the NMR method for determining char-
coal loading, calibration curve for four-hour extractions

Fig. 2 - Determination of char-
coal loading, steam-desorption
results versus NMR results with
30-minute extractions. Points
marked V indicate a scale-up to
30-g charcoal samples.

PERCENT LOADING, NMR

The matter of extraction time was settled empirically. Although from the viewpoint
of spectrometer sensitivity the concentrations of contaminants in the CC1 4 were satisfac-
tory after only 15 or 30 minutes of extracting, the reproducibility was poor. In a series
of runs with 30-minute extractions (Fig. 2), the results show scatter which is completely
unacceptable for charcoal loadings greater than 10 percent. Since a scale-up to 30-g
charcoal samples (points marked V, Fig. 2) showed that the scatter was probably not
due to nonuniform loading or nonrepresentative samples, the only variable which remains
is extraction time. Scaled-up samples of C-318 and C-320 were extracted for various
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Fig. 3 - Variation of extract NMR integral with extraction time

periods, each time removing only sufficient solution to make an NMR determination. The
quantitative data for these samples, corrected for the decrease in volume of CCl 4 as
1-ml aliquots were removed, are shown in Fig. 3 as plots of R (the ratio of sample inte-
gral to nitromethane integral) versus extraction time. It is apparent that for the first
two hours of extraction, the slopes of the curves are very steep. Consequently, minor
variations in technique or timing could be expected to affect the results seriously. The
slopes of the two lines do not begin to parallel each other until after about four hours of
extraction time. As a result of these experiments, an optimum extraction time of four
hours was chosen.

RESULTS AND DISCUSSION

Qualitative Aspects

Differences in the chemical environment of protons give rise to shifts in the proton
resonance frequencies (commonly called chemical shifts, or 6 's). Additional structure
is imposed on the proton spectra by spin coupling among chemically different nuclei
within a molecule. However, by judicious choice of compounds, it is possible to devise
mixtures whose NMR spectrum is illustrative of the characteristic spectral locations of
various types of organic groupings. Figure 4 shows the spectrum of a mixture of 31
selected compounds. Of interest are the resonance positions of the following types of
protons:

H

6.5 - 7.3 ppm

CH -3

2.1 - 2. 3 ppm
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Fig. 4 - 100-MHz proton NMR spectrum of a
mixture of selected compounds

CH 3 CCl3

RCH2X (X = halogen, -COOR, etc.)

R-CH2 -R

R-CH3

2.7 ppm

3.6 - 5.4 ppm

1.4 - 2.6 ppm

0.9 - 1.3 ppm

These groupings occur in many molecules of interest in submarine atmospheres,
and their signals are for the most part in well-separated regions of the spectrum.
Fortuitously, the sharp methyl chloroform peak is not interfered with by any other
anticipated component, and is readily identified. While the desorbate from a typical
submarine charcoal is extremely complex in character, the NMR spectrum is easily
analyzable in terms of aromatic-ring protons, aliphatic methyl and methylene protons,
protons in methyl groups a - to an aromatic ring (e.g., toluene, the xylenes, mesitylene,
etc.), and methyl chloroform. Of course, it is completely useless for perhalogenated
hydrocarbons. While F '9 NMR is a possible point of attack for fluorine assay, it would
probably be of marginal sensitivity, since the number of fluorine atoms per molecule is
small, and the fluorocarbon content is usually low.

Quantitative Aspects

It is apparent from Fig. 2 that for organic loadings below 10 percent, the 30-minute
extraction period gives sufficiently accurate results. Since, in general, the loading is
not known beforehand, it is safer to employ the four-hour extraction period. As shown
in Fig. 5, if the longer period is used, there is high probability that a single NMR deter-
mination will give a loading within ±2 percent absolute of that obtained by steam desorp-
tion. Since the latter method is subject to an error of ±1 percent absolute or more, the
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NMR procedure may measure the actual loading no less accurately than does the steam-
desorption technique.

Two major assumptions implicit in the NMR method for determining charcoal load-
ing are (a) the fraction of loading which desorbs is independent of total loading, and (b)
the makeup of the desorbate is the same for all samples. Judging by the approximate
linearity of the plots of Figs. 2 and 5, both assumptions appear to be generally valid.

The anomalously low NMR loading of sample C-358 can be attributed to its high
methyl chloroform content (33 percent by weight, determined by vapor phase chroma-
tography (4)). A comparison of the NMR spectra of C-358 and that of a more typical
sample, C-378. makes the difference obvious (Fig. 6). The methyl chloroform peak
appears at 2.7 ppm. The number of protons (three) per methyl chloroform molecule is
small compared to the number of protons in the typical CIO hydrocarbon (14 to 22,
depending upon aromatic content). Thus, the sample integral for the extract of C-358
is smaller than it would be if its desorbate was of "normal" composition.

Large composition discrepancies in the NMR spectrum not only signal that the
NMR loading calculation may be suspect, but, more importantly, that unusual contami-
nants and/or contaminant levels were present. The identity and approximate quantity
of the anomalous components may, as was the case with C-358, be determined directly
from the NMR information.

The Fuels Branch of the Chemistry Division recently employed the NMR method to
study the loading and desorbate composition of a series of samples taken from the main
carbon filters of Subron 15.* The low loadings of these charcoals allowed use of the
1/2-hr extraction period. The speed and ease of the NMR method permitted a compre-
hensive investigation of these charcoals with relatively small time and manpower require-
ments compared to those of conventional techniques.

CONCLUSIONS

The NMR method for determining the organic loading on submarine charcoals
appears to be as accurate as the steam-desorption method, but requires a much smaller

"D.S. Jones and J.E. Johnson, private communication. To be published as an NRL Report.
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Fig. 6 - 100-MHz proton NMR spectra of CC14 extracts of carbon
samples C-358 and C-378

sample, entails a simple, room-temperature extraction, and allows immediate identifi-
cation of certain contaminants without any processing of the desorbate. While large
variations from the typical desorbate compositions are detected if the contaminants
contain protons, fully halogenated molecules go undetected. The NMR method should
not be used alone, therefore, if larger than normal concentrations of the latter compounds
are suspected.

Employment of the NMR method to study the loading and desorbate composition of
charcoal samples from Subron 15 showed that considerable savings in manpower and
time are possible, compared with .oiventional techniques.

C-358
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