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Abstract

A system has been developed for the rapid identification
of volatile organic water pollutants. It involves gas
chromatography/mass spectrometry with computerized
matching of mass spectra. Application of this system

to the analysis of waste effluents revealed a signifi-

cant number of pollutants that were not previously
known to be present.
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SECTION I
CONCLUSIONS

l. Combined gas chromatography and mass spectrometry
is a powerful tool for identification of organic
pollutants in the environment.

2. Utility and speed of this technique are enhanced
when the mass spectrometer is computer controlled.

3. Computerized matching of pollutant mass spectra
with spectra in the EPA/Battelle data base provides
rapid identifications with minimal operator decisions.

4. The 11,000-spectra data base is not sufficiently
comprehensive to identify all unknown pollutants.



SECTION II

INTRODUCTION

Setting and enforcing water quality criteria, deter-
mining the fate and effects of water pollutants, and
developing optimum control measures require the
capability for identifying specific organic pollutants.
Table 1 dramatically illustrates the need to determine
the composition of industrial wastes by chemical
analysis. The compounds in the left column are those
suspected by the discharger to be in his effluent based
on his knowledge of products, raw materials and
processes. The right column, based on chemical analysis
of the effluent, contains over twice as many compounds.

The identification technique must be highly specific
since thousands of compounds must be considered.

Because some organic compounds are toxic to aquatic
organisms at concentrations below 10 ug/%, the technique
must also be sensitive.

Gas-liquid chromatography (GC) has adequate sensitivity
and reproducibility to provide excellent quantitation
for volatile organics when the identity of the chemical
1s known. However, pollutant identifications obtained
by gomparison of relative retention times are subject
to interferences and are questionable for the unknown
mixtures found in natural waters. GC, however, may be
used as a preliminary separation technique. The
eff}uent may then be introduced into a different type
of instrument for qualitative identification.

High resolution mass spectrometry provides the elemental
composition of unknowns but present instruments are
neither sensitive enough nor fast enough to monitor GC
peaks. Infrared spectroscopy and nuclear magnetic
resonance spectrometry provide specific identification
but have low sensitivities.

Workers at the Southeast Environmental Research
Laboratory showed the feasibility of using gas chroma-
tography interfaced with low resolution mass spectro-
metry for unknown identification (1-4). They used an
Hitachi RMU-7 mass spectrometer tuned for maximum



Table 1

Comparison of Compounds Reported by Discharger and
Compounds Identified by EPA
in Industrial Discharge

Products and Raw
Materials Reported

Compounds Identified

Propylene

Ethylene

Butadiene

Butane

Octane

Ethylene glycol
Ethylene oxide
Polyglycols
Ammonia

Raw gas

Ethane

Refinery gases
Refinery C, stream
Refinery C3 stream
Propane
Hydroformer gas
Platformer gas

m-xylene*

pP~Xylene*
1,5-cyclooctadiene
O-Xylene*
isopropylbenzene (cumene)
styrene*

o-ethyltoluene
o-methylstyrene*
diacetone alcohol

indan¥*

2-butoxyethanol
B-methylstyrene

indene*

dimethylfuran isomer
n-pentadecane
l-methylindene*
3-methylindene
acetophenone
n-hexadecane

o-terpineol

naphthalene*
o=methylbenzyl alcohol
2-methylnaphthalene*
benzyl alcohol
l-methylnaphthalene*
ethylnaphthalene isomer
phenol*

2 ,6-dimethylnaphthalene*
methyl ethyl naphthalene isomer
cresol isomer
acenaphthene
acenaphthalene
methylbiphenyl isomer
fluorene

phthalate diester (undetermined)
3,3-diphenylpropanol
phthalate diester (undetermined)

*Identification was confirmed with a standard.



sensitivity, together with manual chart reading and
data reduction. Many hours of applied effort are
required to gather data, read charts, correct back-
grounds, construct a data presentation for interpre-
tation, and interpret the data. Because of this, manual
GC/MS is too slow for effective identification of

water pollutants.

Most time-limiting factors in manual GC/MS can be
accomplished by a computer. To evaluate the feasibility
of this approach, a computerized system was obtained in
1971. A mini-computer in this system controls the
operation of a quadrupole mass spectrometer and
associated output devices. At the same time, a project
was started to develop a computerized program for
interpretation of the resulting mass spectra.



SECTION III

GC/MS/COMPUTER/MATCHING SYSTEM

Computerized GC/MS produces many mass spectra from a
single environmental sample (5). Interpretation of
these spectra is time-consuming. To make the technique
usable by all enforcement laboratories, an EPA research
grant was made to Battelle Memorial Institute to
develop a computerized spectra matching program and a
reference library of organic pollutant spectra. The
program (6) being developed is a very useful tool,
providing identification of an unknown spectrum within
one minute.

This GC/MS/computer/spectra-matching system has been
selected by the Contaminants Characterization Program
as the best current means for rapid identification of
organic contaminants in water.

Instrumentation

The GC/MS/computer system now used at the Southeast
Environmental Research Laboratory for semi-automatic
pollutant identification is outlined in Figure 1.

The GC is a modified Varian 1400 chromatograph with a
temperature controlled oven that can be programmed
from 50° to 500° C. It has no independent detector
and serves only as a specialized inlet to the mass
spectrometer.

The all-glass, single-stage Gohlke jet separator
enriches organic samples by utilizing differences in
diffusion rates of sample and carrier gases in a
turbulent jet.

The Finnigan 1015 mass spectrometer is a quadrupole
instrument with three mass. ranges extending to m/e
750. It is capable of unit resolution throughout the
range (e.g., 1/20 at mass 20 and 1/625 at mass 625).
Therefore, instrument sensitivity at low mass is much
higher than in a magnetic instrument. At a scan speed
of 120 amu/sec, sensitivity is adequate to give



Schematic OQutline of Finnigan
GC/MS/ Computer System
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identifiable spectra for 20 ng of material introduced
into the GC inlet.

The liquid inlet is used for introduction of calibration
compounds, the direct probe for solid materials.

The System Industries interface, the analog-to-digital
converter, and the digital-to-analog converter permit
the Digital Equipment Corporation (DEC) computer to
control the mass spectrometer during calibration and
data acquisition; to accept data from the mass spectro-
meter; and to control the Houston plotter during data
reduction.

The DEC PDP8/e computer, which is the heart of the data
system, has a 4096 word core and an ASR33 teletype-
writer. Programs, raw data, and reduced data are
stored on either the two DECtape units or the Diablo
disc. Output of the reduced data is achieved under
computer control via the plotter, the teletypewriter,
Or a coupling device. The coupling device connects

the PDP8 to the central CDC 6400 computer and permits
semi-automatic spectrum identification by the matching
program.

Using this system, data reduction times are much less
than for the manual reduction methods formerly used.
Only 30 minutes of applied operator time is required
to create the instruction string needed to output
reduced data for a 20-peak chromatogram. Data reduc-
tion time ranges from slightly more than one hour for
the disc system to more than two hours for the tape
system. Manual data reduction would require approxi-
mately 12 hours. The GC/MS/computer analytical
procedure outlined in Table 2 works well; however, two
obvious improvements are needed. The first is faster
data output utilizing a cathode ray tube, and the
second is a modification to permit time-shared use of
the PDP8 for simultaneous acquisition and processing
of data. With these modifications, overall data
reduction time could be reduced by half.



Table 2

Steps in GC/MS/Computer Analysis

1. Formation of amu reference calibration file
2. Data acquisition
3. Plot of reconstructed gas chromatogram

4., Manual selection of GC peak and background
spectra

5. Creation of background corrected spectra
files

6. Output of spectra to central computer for
data interpretation by spectra matching
program

7. Manual inspection of match results

Matching Program

Matching schemes of varying complexity have been
described in the literature. All rely on a set of
representative reference spectra. In the case of the

most complex deductive programs, such as the DENDRAL
program (6-8) developed. at Stanford, the data base need
hot be extensive, but must be comprehensive. In the
case of comparative systems (9, 10) the data base must
include a spectrum of the unknown compound.

Widespread use of GC/MS/spectra—matching_in pollutant
identification would require rapid matching, an
indication of the similarity of the unknown spectrum
to the reference spectrum for each match, and egsg of
access to a central spectra library. The algorlflT

a matching program described in the literature (

was selected as the basis for the EPA matching progr:gé
The rapid program developed jointly by Battelle an 4
Southeast Environmental Research Laboratory centere
around this algorithm and a CDC 6400 time-shared
computer (12).

10



The EPA/Battelle matching program, taking advantage of
the high information redundancy of mass spectra, is
based on the two most intense peaks in every 14 mass
units. There are four main steps in the matching

process:

® screening based on molecular weight range,

e screening based on the most intense peak of
the unknown spectrum,

e pre-searching based on the spectrum family, and

e ordering of best matches based on peak-~by-peak
comparison of the unknown spectrum with those
reference spectra passing the pre-search.

To reduce operator time and eliminate human errors and
prejudices in selecting, formatting, and transmitting
data, PDP8 utility routines transfer input spectra

data directly from the user's remote PDP8 to the central
CDC 6400. These programs have been evaluated and

improved during the past year.

A match against the present data base of 11,000 spectra
(10,600 general organic spectra from the Aldermaston
collection and 400 pollutant spectra from the Southeast
Environmental Research Laboratory and Battelle,)
requires approximately 45 seconds.

The "similarity index" (S.I.) gives the user an imme-
diate indication of the quality of the matches. The
"hest hit" will be the first identification; the S.I.
will show whether it is a poor match (<0.2 if the data
base does not contain any closely related compounds),
one of several fair matches (0.2-0.35 if the correct
compound is not in the data base but related ones are),
or a good match (>0.35 if the S.I. of the second best

hit is significantly lower.)

Compared with magnetic deflection spectrometers, qua-
drupole instruments exhibit a bias toward low mass.
This is demonstrated in Figure 2, which compares both
types of spectra for the pesticide, parathion.

Since the Aldermaston data base is comprised primarily
of spectra obtained on magnetic deflection mass

11
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spectrometers, a major concern in the development of
the matching system was whether suitable matches
could be obtained between quadrupole and magnetic
deflection spectra. Experience with the system has
shown that the program provides excellent matches.

In one study made at the Southeast Environmental
Research Laboratory, 50% of the unknowns present in

the effluent of a Kraft paper mill were found correctly
as the best hit, 8% as the second best hit, and 2% as
the third best hit (13). The success of the system
should improve since reference spectra are added
continually.

13



SECTION IV
SPECIFIC POLLUTANT IDENTIFICATIONS

Examples are presented to illustrate the use of GC/MS
for specific identifications of environmental pollutants.

Manual GC/MS

One project of the Southeast Environmental Research
Laboratory involves the identification of pollutants
from the textile industry. As part of this research,

A. W. Garrison (14) utilized manual GC/MS methods to
identify two pollutants and track them from their
source in a carpet yarn mill to the water intake of a
town six miles away. The flame ionization chromatogram
of an extract of water from the receiving creek showed
one major peak and many small ones. Only the two peaks
labeled in Figure 3 were identified. From its mass
spectrum, the major peak was identified as p-nonyl-
phenol, a degradation product of a surfactant used in
the fibre dying process. The second peak was identi-
fied by flame ionization chromatography as dieldrin, a
moth-proofing compound known to be used in the plant.
Mass spectrometry confirmed the identification.

Computerized GC/MS

The effluent of a pesticide manufacturing plant was
monitored by GC. It contained low concentrations of
several chlorine-containing pesticides and much higher
concentrations of other chlorinated organics with
relative retention times different from those of known

pesticides.

The sample was analyzed by low resolution GC/MS operated
under computer control. The reconstructed gas chromato-
gram (RGC) shows 31 peaks (Figure 4). Fourteen of these
(Table 3) were identified generically as chlorinated
hydrocarbons of which 13 were identified specifically.
The 13 spectra (Appendix I} were included in the EPA/

Battelle reference file.

15
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Table 3

Compounds Identified in Pesticide Plant Effluent

trichlorocyclopentene isomer

hexachlorobutadiene

hexachlorocyclopentadiene

hexachloronorbornadiene isomer

octachlorocyclopentene

heptachloronorbornene isomers (2)

chlordene

heptachlor

l,2-epoxy-4,5,6,7,8,8a~hexachloro-a-
dicyclopentadiene (hexachlor epoxide)

chlordane

nonachlor

endrin

isomer of endrin (not specifically identified)

Electron capture gas chromatography of an extract of

the effluent from another plant indicated the presence
of polychlorinated biphenyls (PCB's) at concentrations
of less than 1 ug/2. An initial run on the low-
resolution mass spectrometer gave the RGC shown in
Figure 5. The major peaks below spectrum 15 were
readily identified as chlorobenzenes and monochloro-
biphenyls. On the basis of their mass spectra, peaks
with longer retention times were judged to be due to
chlorinated biphenyls; however, high background in

this run prevented us from obtaining an RGC comparable
to the chromatogram obtained with the electron capture
detector, which is relatively more responsive to the
chlorine~-containing peaks. A limited mass reconstructed
gas chromatogram, (LMRGC) covering the major PCB molecular
ion peaks, would have permitted the comparison, but.the
presence of background ions interfered with some major

PCB peaks.

To circumvent this interference, blank scans were made
at highest instrument sensitivity to determine all
significant background ions. In a second data
acquisition run, all significant peaks noted in

the blank were ignored by the computer. A

limited mass reconstructed gas chromatogram,

obtained from these data for the hexachlorobiphenyl

18



6T

| Ay
m /N H‘,v-*

"'W'F'WWWW' T ""","']‘]‘n‘
o 5o o o B o Jo B0 o 0 116 120 130 190 150 160 170 160 130 200 210 20 ZH ¥

FIGURE 5. Reconstructed gas chromatogram of plant effluent
containing polychlorinated biphenyls



region (Figure 6), was comparable to the electron
capture detector chromatogram. Based on this compari-
son and the chromatographic data, the suspected
material was identified as Aroclor 1260.

Computerized GC/MS and Spectra Matching

To check the practicality of computerized spectra
matching as a means of identifying trace contaminants
in the environment, a synthetic mixture of four pesti-
cides was prepared. Atrazine, sevin, parathion, and
P/pP '-DDT were dissolved in an organic solvent at
concentrations equivalent to those that would have
resulted from extraction of a water sample containing
them at concentrations of 1 pg/%. The RGC (Figure 7)
of this mixture showed a high background. The DDT
spectrum (Figure 8) was typical of the spectral quality
of the run. As shown by the S.I.'s in Table 4, good
matches were obtained by the EPA/Battelle computerized
spectra matching program.

Table 4
Identification of Trace Components in Synthetic

Pesticide Mixture

Second Best

Component Best Match S.I. Match S.I.
Atrazine  Atrazine 0.478 None -

vSevin Sevin 0.510 Sevin 0.501
Parathion Parathion 0.574 Parathion 0.220
p,p'-DDT p,p'-DDT 0.352 p,p'-DDT 0.287

In a study of the effluent of an experimental coal
gasification plant, organic components were extracted
with methylene chloride. The RGC of the extract
(Figure 9) contained seven distinct peaks.

20
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In a computerized matching of the spectra for those
compounds, the best matches were with Cg, C7, and Cg
hydroxyl-containing materials. High S.I.'s were
indicated for the first six peaks, but a low one for
the last GC peak. Subsequent visual inspection of
the mass spectrum for this GC peak indicated that the
last peak arose from two compounds with the same
retention time.

The identifications are given in Table 5. When
different materials were selected by the matching
program as the best and second best matches, relative

GC retention times favored the best match over the
second best. 1In a continuation of the computer dialogue,
given in Figure 10, for RGC peak 3, thirteen cresol
spectra were matched with S.I.'s greater than 0.645.

The first non-cresol match was 3-tolyl-N-methyl
carbamate with an S.I. of 0.574.

Table 5

Compounds Tentatively Identified in Waste
Effluent of Coal Gasification Pilot Plant

RGC Second Best
Peak Best Match S.I. Match S.I.
1 Phenol 0.834 Phenol 0.795
2 o-Cresol 0.846 m-Cresol 0.741
3 m-Cresol . 0.867 o-Cresol 0.842
4 2,5-Dimethyl- . 0.839 2,6-Dimethyl- 0.804
phenol phenol
5 3,4-Dimethyl- 0.700 3,4-Dimethyl- 0.692
phenol phenol
6 2,4-Dimethyl- 0.653 3,4-Dimethyl- 0.637
phenol phenol
7 a-Naphthol 0.245 1,2-dihydroxy- 0.232
1,2-dihydro-
naphthalene

25
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The present matching program depends on the presence in
the reference library of the correct compound to
identify an unknown. If the correct compound is not in
the library, but closely related ones are, these
materials will be identified as the most likely ones.
At this point, inspection of matches and spectra
frequently suggests the correct answers. In any case,
identities should be confirmed by use of standards.

Analysis of the waste effluent of a synthetic rubber
producer resulted in the RGC shown in Figure 1l1l. This
chrcmatogram shows four major peak&; however, satis-
factory identifications by spectra matching were
obtained for only two compounds. The second peak was
found to be bis(2-chloroethoxy)methane (S.I.=0.63) and
the fourth major peak was 1,2-bis(2-chloroethoxy)ethane
(S.1.=0.676). Visual inspection of the spectra for the
first and third GC peaks indicated that the compounds
contained sulfur; however, no matches were obtained

for compounds having molecular weights compatible

with the molecular ion peaks of the spectra. We
concluded that the first and third peaks were due to
sulfur-containing compounds not included in the
library.

27
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SECTION VII
GLOSSARY

GC--gas chromatography, a separation technique based
on the partition of materials between gas and
liquid phases.

GC/MS--a union of GC and MS in which the chromatograph

effluent passes directly into a mass spectrometer
inlet.

LMRGC--limited mass reconstructed gas chromatogram, a
computer output that shows the relative currents
resulting from positive ions of particular mass-to-
charge ratio reaching the mass spectrometer detec-
tor as a function of scan number.

MS--mass spectrometry, an identification technique
based on the fragmentation of ionized materials.

RGC--reconstructed gas chromatogram, a computer output
that shows the relative currents resulting from all
positive ions reaching the mass spectrometer
detector as a function of scan number. This plot
usually resembles the chromatogram obtained in GC.

S.I.--Similarity Index, a numerical indication, ranging

from zero to one, of how well an unknown spectrum
matches a reference spectrum.

33



SECTION VIII
APPENDIX

Mass spectra of 13 compounds identified in pesticide
manufacturing plant effluent.
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