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RESEARCH REPORTING SERIES

Research reports of the Office of Research and Development, U.S. Environmental
Protection Agency, have been grouped into five series These five broad
categories were established to facilitate turther development and application of
environmental technology. Elimination of traditional giouping was consciously
planned to foster technology transfer and a maximum interface in related fields.
The five series are.

Environmental Health Effects Research
Environmental Protection Technology
Ecological Research

Environmental Monitoring

5 Socioeconomic Environmental Studies

Thisreport has been assignedto the ECOLOGICAL RESEARCH series This series
describes research on the etffects of polflution on humans, plant and animal
species, and matenals Problems are assessed for thewr long- and short-term
influences. Investigations include formation, transport, and pathway studies to
determine the fate of poliutants and therr effects This work provides the technical
basis for setting standards to minimize undesirable changes in living organisms
In the aguatic. terrestrial. and atmospheric environments.
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This document 1s available to the public through the National Technical Informa-
tion Service. Springfield, Virginia 22161,
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ABSTRACT

Model aerosols were generated from the individual hydrocarbons, toluene
and l-heptene, by irradiation under simulated atmospheric conditions in
the presence of NOX, or Nox/SOZ' The reactions were carried out in a

17.3 m3 environmental chamber. The collected aerosols were subjected to
analysis by mass spectrometry and chromatographic techniques, both with
and without chemical derivatization., Polyfunctional oxidation products,
including quinones and carboxylic acid, were tentatively identified in the
toluene aerosol. The l-heptene filtered aerosol was shown to contain con-
densation products from different l1-heptene molecules. Tentative identifi-
cation of a number of vapor-phase species was accomplished in both systems.
The health effects of the atmospheric oxidation products from hydrocarbons

is discussed.
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SECTION 1

SUMMARY AND CONCLUSIONS

This report constitutes the second year's study of the composition
of model aerosols from individual hydrocarbon precursors under simulated
atmospheric conditions.

In the previous year's work, aerosols derived from toluene, cyclo-
hexene, and a-pinene were examined. Because of the complexity of the products,
from a-pinene, research during the present year has concentrated on toluene
and the terminal olefin l-heptene. This pair constitutes a representative
aromatic and aliphatic species of the sort found in polluted urban atmospheres.

Aerosols from the systems toluene/NOX, toluene/NOX/SOZ, and 1l-heptene
NOX/SO2 were prepared, collected, and subjected to analysis by mass spectral
techniques, chemical derivatization, and gas and liquid chromatography.

The gas-phase organics associated with the aerosols were also studied.
Individual species identified tentatively in toluene aerosol include isomeric
hydroxybenzoic acids and hydroxy-p-benzoquinones. Among the gas-phase toluene
products were identified tentatively nitrotoluenes, nitrocresols, benzaldehyde,
and methyl-p-benzoquinone. The l-heptene aerosol was examined by mass
spectromety; the results suggested that a number of the components are con-
densation products of species arising from different l-heptene molecules.
n~-Hexaldehyde was tentatively identified among the vapor-phase products from
l-heptene. The possible adverse health effects of aerosol and gas-phase
products are suggested to be those arising from a general degradative action

toward cellular proteins and amino acids.



SECTION II

INTRODUCTION

This report describes research conducted on "Chemical
Characterization Model Aerosols" during the period June 11, 1974 to
November 10, 1975. This period constitutes the second project-year
under EPA Grant No. 801174. The report detailing results of the first
year's study, ''Chemical Characterization of Model Aerosols" is avail-
able through the National Technical Information Service under NTIS
No. PB238557/3.

During the current project period organic analysis of
model and atmospheric aerosols was conducted. Model aerosols were
generated from individual hydrocarbon precursors under atmospheric
simulation in the Battelle-Columbus 17 m3 environmental chamber.

Under the heading below, Background, this year's aerosol
characterization studies are placed in perspective with respect
to results of the first year's study. Key differences in emphasis

and approach are described.



SECTION III

BACKGROUND

During the first year of this program, research was limited
to characterization of model aerosols. Three systems were studied; a-
pinene/NOX, toluene/NOx, and 1—heptene/NOX. Aerosol generated under
atmospheric simulation was collected on glass fiber filters, and organic
matter was obtained by solvent extraction. In order to simplify pro-
duct identification, reaction mixtures were fractionated into defined
acid, neutral, and basic components. Products were then analyzed by
gas chromatography (GC) and gas chromatography combined with mass
spectrometry (GC-MS). Tentative identification of a variety of
interesting aerosol products was accomplished. The results of the
first vear's study are best summarized by reference to these aerosol
products. In considering the structures shown below, it should be

emphasized that these are tentative identifications.
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During the current year's study, we have moved to investigation of
simulations including both NOx and SOZ; specifically, toluene/NOX/SO2
and l—heptene/NOx/Soz. In characterizing these systems, the scope of
organic analysis has also been broadened. During the first year's effort,
the research emphasized identification of aerosol products that had
not undergone extensive oxidation or degradation. Identification of
such products is profitable in that the structures can be more easily
related to the parent hydrocarbon. On the basis of this relationship
we may infer the types of reactions occuring under atmospheric simula-
tion. Indeed, in this report we present a discussion of the reaction
types and mechanisms suggested by the products identified during the
first year's study.

Although identification of the relatively less-degraded
aerosol products is helpful in elucidating the nature of aerosol re-
actions, we have found that such products constitute a rather small
fraction of the total organic constituency. Data concerning material
distribution was obtained during earlier work on extraction and
fractionation of aerosol products. It will be helpful to review this
data as well as aspects of the rationale and methods used during the
first year of the program.

Collected aerosol was subjected to Soxhlet extraction first
with methylene chloride and then with either acetone or methanol.

The sequential extraction procedure was used to obtain a measure of the
total extractable matter. The methylene chloride extracts were
expected to contain products less oxidized than those obtained in
methanol or acetone. Hence, consistent with the analytical emphasis
and rationale, the methylene chloride extractable matter was used for
subsequent fractionation and analysis. Fractionation was conducted

according to the scheme below.

Methylene Chloride Extractable Matter

[ !
Water-Soluble Fraction Water-Insoluble Fraction

|

I l

Acid Neutral Basic
Fraction Fraction Fraction




The water-insoluble fraction can be expected to contain the
relatively less-oxidized, less-~degraded components of the reaction
mixture. Hence, the water-insoluble material was used for detailed
analysis.

Further fractionation into acid, basic, and neutral components
was performed by partitioning a methylene chloride solution of the water-
insoluble fraction against dilute aqueous acid and then dilute aqueous
base. Subsequent analyses could then be conducted on mixtures partly
defined according to chemical class. For example, in analyzing a neutral
fraction, one might anticipate the presence of aldehydes, ketones, or
alcohols, but not carboxylic acids or phenols. This feature of the
fractionation approach proved extremely helpful in interpretation of mass
spectra of the reaction products.

Data concerning material distribution obtained during the
extraction and fractionation steps is shown in Tables B-1 and B-2
(Ref. Report I, p. 26 and p. 29). From the data, it is clear that the
water-insoluble fraction of the methylene chloride extractable matter
represents only a small fraction of the total solvent extractable
matter., In view of this fact, and having achieved some success in
characterization of the relatively less-oxidized components of the
aerosol products, it was decided to direct future efforts toward a
more comprehensive analysis, specifically including the more oxidized
components of the reaction mixture.

This decision has had serious consequences as to the experi-
mental approach that may be applied. 1In particular, the water solu-
bility of the more oxidized prodﬁcts precluded use of the previously
applied acid/base/neutral fractionation procedure. Moreover, the
extreme polarity of such products severely limited the utility of gas
chromatographic analysis. Alternative approaches that have been investi-
gated during the current project period have included selective deri-
vatization followed by high pressuire liquid chromatography, and
direct examination of aerosols by mass spectral techniques without
prior chromatography. Research in these areas will be detailed in

sections below.



Finally, mention should be made of an additional area in
which the research effort has been broadened. During the current
project period collection and analysis of gas-phase organics associated
with model aerosols has been conducted. Samples were collected by
drawing filtered air through adsorbant traps. Collected organics
were later desorbed by heating in a stream of carrier gas and analyzed
by GC and GC-MS.

Overall, the program has grown in both the types of aerosol
samples included for analysis, and the analytical methods brought to

bear on the complex problem of aerosol characterization.

SECTION IV

METHODS AND PROCEDURES

The methods of procedure are those described in the August,

1974, Annual Report on Chemical Characterization of Model Aerosols.

The old procedures are partially summarized below along with a des-

cription of the new methods.

A. Smog Chamber Characteristics

The smog chamber utilized in these studies is approximately
2.4 m high, 4.9 m long, and 1.5 m wide, having a volume of approximately
17.3 m3. The surface-to-volume ratio is 0.78. The inside surface
consists of 35.3 m2 of polished aluminum and 9.2 m2 of FEP-Teflon
windows (5 mil thick) through which the reaction mixture is irradiated
using an external bank of lamps. The lamp bank consists of 96
fluorescent 'black'" lamps and 15 fluorescent sunlamps. The spectral
distribution of the black lamps peaks in intensity at 370 nm; the sun-
lamps peak intensity occurs at 310 nm. Light intensity generated
corresponds to a kd of 0.45 min_l as determined by NO2 photolysis and
o-nitrobenzaldehyde actinometry. This intensity is comparable to that

of noonday sun over the wavelength integral of NO, absorption.

2



Alr supplaed to tne chamber i1c tawer in threough e i0-r stact ator

a tnree-story building, and is passed througr & purificaticr svsten
including a permanganate filter bed, a charcoal filter system, an
absclute filter, and a humidification unit. After purification,
background total-hvdrocarbon is generally 1-3 ppmC with the majority
of this being methane. A trace of background ethane is occasicnally,
observed by gas chromatographv. Olefins and aromatics have

always been below gas chromatographic detection limits, Sulfur
dioxide is alwavs delow the detection limit of a flame photometric
detection (~10 ppb) and carbon monoxide background levels are
generally between 1 and 2 ppm as measured by nondispersive infrared
spectroscopy. Light scattering readings are essentially the same

as for clean air (Raleigh scattering) and the condensation nuclei

count is generally less than 200 particles per cubic centimeter.

B. Smog-Chamber Cleanup

Prior to each series of experiments with a different model hydro-
carbon, it was necessary to thoroughly clean the chamber's surface

to prevent cross contamination of aerosol products, Such cross
contamination had been observed during previous studies. Cleanup

was accomplished by washing down chamber surfaces with a spray of

4:1 isopropanol:water. Prewashed cloths were used to scrub the sur-
faces and surgical scrub suits were worn to prevent contamination

from street clothing. Throughout the procedure, the chamber was main-
tained on purge (8500 1 min_l). Nevertheless, the high concentration
of solvent vapor that develops, requires that the chamber be sealed

and that the worker be provided with an auxiliary breathing apparatus.

After cleanup, the chamber was purged overnight and was then per-

mitted to stand with 1 ppm ozone for several hours. Before genera-

tion of aerosol for analytical use, a "conditioning" run was conducted

using the model system to be studied.



C. Aerosol Generation, Monitoring, and Collection

Detailec cata concerning reactant concentrations and conditions are
showr in Table 1. After initial concentrations were estab-

lished., the mixing fan was turned off and irradiation was begun.
Parameters monitcred throughout the course of the experiment included
N and NO, concentration using a continuous Saltzman analyzer, total
hvdrocarbon concentration using a flame ionization detector, ozomne
concentration using a chemiluminescence analvzer, and light scatter-

ing using an integrating nephelometer.

Ir general, irradiation was continued until light gscattering measure-
ments indicated that maximum aerosol growth had occurred. After
this maximum was observed, irradiation was halted and the aerosol
was collected by evacuating the chamber contents through tared
10-cr-diameter glass-iiber filters (Gelman Type A) using & high-
volume type sampler. Typically, about 11 m? of chamber volume

was sampled over a 30-minute period. Before use, the filters were
washed repeatedlv, first with distilled-in-glass methanol, and then
with metrhvlene chlorice. They were then equilibrated at 50 percent
R.H. ana tared. After ccllection, the filters were reeguilibrated,
weighed, and placec in glass containers for storage at -60"C. After
a series of runs was completed, collected aeroscl was sudiected to

Soxhlet extraction, as described in the previous report.



TABLE 1. SUMMARY OF IRRADTATION CONDITIONS AND SMOG PARAMETERS(a)

Aerosol System

Toluene/NO/ Toluene/NC/ 1-Heptene/NO/
NO»o N02/502 N02/802

Number of runs 6 4 12
Irradiation period, min. 240 240 265
Relative Humidity

Initial, percent 50 50 50

Final, percent — - 38
Hydrocarbon

Mass irradiated

Initial concentration, ppm C 73 71 69
Final concertration, ppm C(b) 45 41 6

Nitric oxide

Initial concentration, ppm 0.97 0.89 1.25
Nitrogen dioxide

Initial concentration, ppm 0.94 1.09 1.26

Maximum concentration, ppm 1.2 1.5 1.7
Sulfur dioxide

Initial concentration, ppm 0 1.08 1.0

Final concentration, ppm 0 0.82 0.44
Ozone

Maximum concentration, ppm 1.1 0.32 0.42

tmaxs Min. 198 200 200
Light scattering

Maximum, 10~%m™1 76 120 188
Total aerosol mass collected, mg 11.5(c) 16.3 38.6

(a) Data shown are averages for the series of runs, except for values of total
aerosol mass collected, which represent the total mass collected during an

entire series of runs.

(b) Includes contribution from prcducts formation.

(c) After treatment with HZSO4 aerosol the average weight was 12.9 mg.

10



D. Collection and Analysis of Organic Vapor Samples

Organic vapor samples associated with model aerosols were
collected and subjected to GC-MS analysis. The filtered (pre-extracted
tissue quartz) gas sample was drawn through an ambient temperature
chromosorb 102 chromatographic trap (15 cm long, 3 cm diameter) at
approximately 0.5 cfm by a Gast 0522 pump. Prior to analysis, the
traps were sealed with Teflon fittings and protected from light.

The collected samples were subjected to GC-MS analysis by
thermally desorbing the collected species at 180°C using a helium
flow of approximately 500 ml min—l. The desorbed material was pre-
liminarily transferred to a cooled (-196°C) stainless steel sample
loop. Chromatographic injection of the collected sample was subse-
quently achieved by diverting the GC carrier gas through the cooled
sample loop, and simultaneously flash-heating the loop to 250°C,

1) *
which immediately sweeps the sample to the head of the GC column.( )
The chromatographic column is routinely interfaced with either a Finni-

gan 1050 (electron impact) or a Finnigan 3200 (chemical ionization)
mass spectrometer; interpretation of electron impact mass spectra is
facilitated with a mass spectral matching routine with a data bank of

27,000 spectra.

E. Preparation of Methyl Esters with Diazomethane

An ether solution of diazomethane was prepared from DiazaldR{
a diazomethane precursor, according to directions given by the supplier
(Aldrich). About 1 ug of aerosol, prepared by evaporation of the re-
quisite amount of solution, was dissolved in 1 ml of diazomethane solu-
tion and allowed to stand 2-3 hours. The solution was concentrated
to a volume of about 0.1 ml. Portions of the concentrate were injected

into the gas chromatograph for examination.

*References are listed on page 53.
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SECTION V

RESULTS AND DISCUSSION

A. Organic Characterization of Model Aerosols

During the current year's study, the following model aerosol
systems have been investigated:

o Toluene/NOx

o Toluene/NOx/SO2
o l-Heptene/NO /SO
bie 2

Typical aerosol profiles are shown in Figures 1-3. Irradia-
tion conditions and smog manifestations characterizing the aerosols
are further described in Table 1. The values shown in the table rep-
resent averages for a series of runs. There was very little run—-to-
run variation in the parameters; it is considered that the magnitude
of such variation was insufficient to be of consequence to the com-
posite aerosol composition.

In addition to generation of the above aerosols, an addi-
tional experiment was conducted to determine if a 7 organo-sulfur
products are formed after collection of the aerosol by reaction of
sulfuric acid with organics residing on the filter. 1In this experi-
ment, a series of five toluene/NOX aerosols were generated under con-
ditions described in Table 1. Collected aerosol from four such runs
was exposed to sulfuric acid aerosol; one toluene/NOX sample was re-
tained as a control.

Sulfuric acid aerosol was generated by evaporating a quantity
of 98 percent sulfuric acid into the chamber which had been previously
humidified to ~50 percent RH. Upon reaching the saturation concentra-
tion of sulfuric acid under these conditions (m,lO_Bppb),nucleation
commenced. Aerosol concentration and growt)y were monitored with a con-
densation nuclei counter (Environment-One Inc.) and an electrical par-
ticle-mobility analyzer (Thermo Systems, Inc.). Aerosol generation was
terminated upon reaching a volume concentration of~.700 um3/cm3. This
concentration is approximately equivalent to that expected upon irradi-
ation of 1 ppm 802 in a typical smog environment. The mean particle
diameter in the volumetric distribution was ~0.2 um.

To further simulate experimental conditions employed in

aerosol generation from toluene/NOX/SOZ, 1 ppm SO, was included during

2
sulfuric acid aerosol generation. Thus the toluene/NOX aerosol products



were exposed to both sulfuric acid and SOZ' Exposure was conducted
as follows. After the sulfuric acid aerosol was fully developed, as
described above, portions of the chamber contents were exhausted
through filters containing previously collected toluene/NOX aerosol.
Each filter was exposed individually to 15 percent of the chamber

contents over a period of 15 minutes.

13



Gas Concentration, ppm

Initial Conc.
Toluene 10 ppm
NO 0.97 ppm
NO2 094 ppm

60 120 180 240
Irradiation Time, minutes

FIGURE 1. SMOG PROFILE, TOLUENE/NOX AEROSOL

14

200

180

o, o B o
38 3 & O
|

03]
O

Light Scattering (bs-,cm)xlO'4 m

60

40

20



Gas Concentration, ppm

Initial Conc.
1.8 |— Toluene 1Oppm | 180
NO 0.89 ppm
1.6 |— NO, .09 ppm — IGOTE
S0z 1.08 ppm <

(N

°

o
@

o
o

0 60 120 180 240 300
Irradiation Time, minutes

FIGURE 2. SMOG PROFILE, TOLUENE/NOX/SO2 AEROSOL

15



£ 1.4
(a8
Q
c 1.2
o
©
S0
[ ot
Q
Q
S o.
Q
o
S o6

O
»

O
(V)

o

200

—] 180

—1 160

Initial Conc.

]
8

I-Heptene 10 ppm
NO .25 ppm
NO2 .26 ppm
SO, | ppm

||
o N
& o

0]
o

Light Scattering (bscat) x 1074 m'

60 120 180 240 300
irradiation Time, minutes

FIGURE 3. SMOG PROFILE, l—I-I]EIP'I‘EI\IE/NOX/SO2 AEROSOL

16



Aerosol products were collected by filtration as described
in Methods of Procedure and were then subjected to sequential Soxhlet
extraction first with methylene chloride, and then methanol. Values
for weight percent solvent extractable are shown in Table 2. Gas-
phase organics associated with the model aerosols were collected at
the same time as filtration samples by passing filtered chamber con-
tents through Chromsorb 102 adsorbent traps. Aerosol extracts and
gas phase organics were analyzed in detail as described under the

headings below.

TABLE 2. SOLVENT EXTRACTION OF MODEL AEROSOL PRODUCTS

Weight~Percent Solvent Extractable

First Extraction, Second Extraction,
Aerosol System Methylene Chloride Methanol
Toluene/NOX aerosol 18 63
Toluene/NO_ aerosol exposed 29 55
X, .
to sulfuric acid aerosol
Toluene/NOx/SO2 aerosol 21 75
l-Heptene/NOX/SO2 aerosol 22 49

B. Gas Chromatographic Analysis of Model Aerosols

As described in the Background section of this report, the
analytical objectives of this year's research emphasize characteriza-
tion of the abundant, highly-oxidized components of model aerosol.
These polar, water-soluble organics cannot be treated using the pre-
viously applied fractionation procedure. Fractionation had proven
useful in that particular compound types were isolated in defined
fractions. An alternative strategy based on selective derivatization

was attempted to distinguish between different compound types. Initial
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gas chromatographic analyses were performed on unfractionated, underi-
vated aerosol extracts. It was reasoned that free carboxylic acids,
phenols, and other highly polar compounds such as polyols would be
entirely retained on the column; only neutral products of moderate
polarity would be eluted. A short pre-column can be used to prevent
buildup of retained material on the analytical column. The strategy
then called for treatment of parallel portions of aerosol extract with:
(a) Diazomethane
(b) O,N-Bis(trimethylsilyl)trifluoroacetamide (BSTFA)
Treatment with diazomethane yields relatively volatile methyl
esters from carboxylic and sulfonic acids, and methyl-aryl ethers from
phenols. BSTFA reacts with acids and alcohols to form trimethylsilyl
(TMS) esters and ethers. Derivatization was first attempted with the
aerosol from the toluene runs. Analyses of underivatized methylene
chloride and methanol extrac®s were performed with a 10 ft x 2 mm
column of 3-percent OV-17 and a 14 ft x 2 mm column of 3-percent Dexil.
The temperature was programmed from 100°C to 275°C at 6 degrees/min.
Dual flame-ionization and flame-photometric (sulfur-specific) detectors
were employed. The chromatograms obtained showed only a few poorly
resolved peaks of negligible intensity. Total detector response sug-
gests that no more than 1 percent of injected matter was eluted
(injected samples = 50 ug each). The results suggest that even the
non-acid constituents of the aerosol consisted of highly polar products.
Figures 4-9 show several chromatograms obtained after the
toluene aerosol extracts were treated with diazomethane. A small
increase in total detectolr response was noted compared to the underi-
vated samples. Nevertheless, the overall response account for less
than 10-percent of injected methylene chloride extractable matter and less
than 5-percent of injected methanol extractatle matter (50 ug injec-
tions). The components showing flame-photometric (sulfur) response
have been shown in most cases to correspond to impurities in several
batches of diazomethane reagent. In the case of the methanol extract
of toluene/NOX/SOZ, two sulfur-containing components appear which may
be genuine reaction products. They do not appear in toluene/NOX aero-

sol, or toluene/NOX aerosol exposed to H2804 aerosol. They account for
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less than l-percent of the injected sample, however.

Comparison of chromatograms for diazomethane treated extracts
of the three toluene aerosols suggest that exposure of collected
toluene/NOX aerosol products to sulfuric acid aerosol does not lead
to formation of new products (detectable by this approach). In the
diazomethane-treated, methylene chloride extractable matter from toluene/

NOX/SOZ aerosol there is only one moderate peak not observed in the cor-

responding sample of toluene/NOx aerosol (peak at 25 minutes).

As described above, the next step in the analytical approach
called for derivatization with BSTFA. It was reasoned, that if the
uneluted material consisted of non-volatile alcohols or polyols, BSTFA
should generate volatile TMS ethers. Gas chromatographic analysis of
toluene aerosol products indicates that a significantly larger fraction
of subjected material is being eluted after BSTFA treatment (~~30-per-
cent eluted). Thus, these samples were analyzed by GC-MS. Reconstructed
gas chromatograms are shown in Figure 10.

The CI-MS spectra of the BSTFA-derivatized samples are shown
in Appendix A. Most of the spectra, even after background subtraction,
showed numerous peaks, and only the relatively simple spectra that
appeared to contain only one major component have been included. 1In
those cases the parent ions were identified and structures were assigned
by selection of reasonable structures with the correct molecular
weights. The compounds tentatively identified are shown in the figure.
We emphasize the tentative nature of these assignments.

The methylene chloride extract of l1-heptene aerosol was simi-
larly treated with BSTFA and analyzed gas chromatographically. Total
detector response corresponded to only 5-percent of injected material.
Thus, the sample was not analyzed by GC-MS.

For both l-heptene and toluene aerosols analysis by flame
photometric gas chromatography revealed negligible sulfur response
above blank. In view of the low sulfur response for all aerosol samples,
extracts were subjected to analyses for total sulfur. The data are
shown in Table 3. Samples taken for analysis varied somewhat in size,

leading to some variation in the lower limit of detection. Thus, any

25



Vdlsd HIIM QIZIIVAI¥AQ
STOSOYAV INANTOL J0 SRVIZOLYWOYHO SV QHIDNYISNODTY ‘0T 3¥NS1d

18quinN wnuyoadg

08 09¢ Obe oOeg 00 082 092 o0v2 o022 002 08l 091 [0} 2] [oF:4} (o]0]] 08 09 ot 02 0
| _ﬁ_-____~—______H_______________ﬁﬂ— Y
(004
IO/N (&3 ]
N MO~ —{ ot
SW L - D Wil -
SWL ﬁqy H0 S :JWHHQ |
HOOD o
z % o wo_ 9 HO 7109
0S/ ON/Pusntog, . :8@ Swi- IOMMU ¥O SWL - xo;w/wi |
Wl -
o W Hoo) €-r(430 7108
¢ SWL1 44 pioy U3aNI0 ) 60b-90b-W 40 (YD) SW-29 .lx_
[¢]e]]
19quWnN wniydadg
OUct 00b 08¢ Q9¢ Obe 02¢ 00¢ 082 09¢ 0Ob2 022 002 08! 091 0obl 02 OO 08 09 op 0e 0]
ﬁ__ﬂ_________—__q____________-__________ 0
o2
SW1-HO0I*HOOH
no_ © HO - O¢
SwW1 :o‘j HO SWi - zoWJ ]
HOOD J nruﬁj HOOD ] ow
SW1 - @ SWL - ]
o ¢-r(¥30 SWL 44 poy 08
Q
SUSNIOL) YOb-10b-W 40 (*HD) SW-29 ]
00l

%OZ\@E@DHOH

Ipniijdwy

9pnyndwy

26



values below l-percent sulfur should be viewed as approximately equi-
valent. The methanol extracts for toluene/NOx/SO2 aerosol and toluene/
NOX exposed to sulfuric acid aerosol show significantly higher concen-
trations of sulfur, which probably arise from inorganic sulfate sol~-
uble in the methanol. This was indicated by a sulfate analysis of

one cgllected aerosol from a l-heptene/NOx/SO2 run, which showed 40%

of SOZ by weight of total particulates on the filter. These data in-
dicate that the low concentrations of organo-sulfur compounds observed
by flame-photometric gas chromatography was not due to retention of

abundant organo-sulfur compounds on the column.

TABLE 3. SULFUR CONTENT OF AEROSOL EXTRACTABLE MATTER

Weight-Percent Sulfur

Methylene Chloride Methanol
Aerosol System Extractable Matter Extractable Matter
Toluene/NOx aerosol <0.5 <0.3
Toluene/NOX/SO2 aerosol <0.8 3.9
Toluene/NO, aerosol exposed <0.8 1.2
to sulfuric acid aerosol
l—Heptene/NOx/SO2 aerosol 0.1 17.9

One additional derivatization approach was attempted to

facilitate gas chromatographic analysis. It has been observed that low

molecular weight aldehydes and ketones tend to polymerize at the ele-

vated temperatures of gas chromatographic analysis. In order to deter-

mine whether such compounds correspond to the uneluted fraction of

aerosol products, extractable matter was treated with ethanedithiol

to stabilize such carbonyls as dithiolane derivatives.

HS
S—— CH
\ \ BF3 ~. 7 2
C=0+ CH, —_— C\
/ | / s— CH,
CHp
HS
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Preparation of dithiolane derivatives is additionally useful
in that the derivatives give both flame-ionization and flame-photometric
response. In these analyses, a rather high blank was obtained. Never-
theless, for both toluene and l-heptene aerosols no significant compon-
ents above blank were observed. Based on the sample size taken for
derivatization, injected material should correspond to 20 pg. Virtually
complete loss of sample to the aqueous phase during workup could account
for chromatographic results observed.

Results of the series of gas chromatographic analyses suggests
that the aerosol products consist principally of highly oxidized, highly
polar compounds. These have not been rendered volatile by generally
employed derivatization techniques. 1In view of the failure of this
approach, two different techniques have been investigated to determine
feasibility. These are:

(1) High-pressure liquid chromatography followed
by mass spectrometric analyses of isolated products.

(2) Direct mass spectral analysis of aerosol without
chromatography.

These -studies are described under subsequent headings.

C. High-Pressure Liquid Chromatography of Derivatized Aerosols.

Since the functional groups expected in the components of the
aerosol do not absorb light strongly, the UV-visible detection system
currently in use with the HPLC instrument was not suitable for analysis
of small amounts of atmospheric aerosols. Simple derivatives of the
components are suitable, however, if the derivatizing reagent contains
an absorbing group.

Prliminary experiments were carried out with a sample of the
l-heptene aerosol. The derivatizing reagent was a,p-dibromoaceto-

phenone, which reacts with acids as follows:

0
/ -———
Br / + RCOO  —
CHyp -Br
0
Br 4 _
+ Br

CHo— Os CR



This reagent was repeatedly reacted with the methanol extract of the 1-
heptene aerosol and chromatographed using HPLC with UV detection. A
large peak corresponding to the derivatizing reagent was always observed.
Other peaks were also observed but did not appear on duplicate runs.

This may be due to impurities in the derivatizing reagent as well as

to interferences by some component of the sample. Due to the unknown
nature of the sample and the experimental nature of derivatization re-
actions in HPLC, more development in optimizing derivatization procedures
is needed. These include methods for derivatization of alcohol, ketone,
as well as acid functionalities, and of compounds containing multiple

functionalities.

D. Direct Mass Spectral Analysis of Aerosol without
Prior Chromatography.

Since the bulk of the l-heptene aerosol products did not pass
through a chromatographic column under our conditions, even when deri-
vatized, we examined a sample of l-heptene aerosol that was evaporated
from a solution placed directly on the probe of the mass spectrometer.
The probe was placed in the instrument and heated while successive
spectra were run. The procedure was carried out twice, first with con-
ventional electron impact (EI) and then with chemical ionization (CI)

+
by proton transfer from C HlO ion. Under these conditions, we expect

low-molecular weight specges to volatilize first, followed by higher
molecular weight species with lower vapor pressures. The resulting
spectra (Figures 11 and 12) are, of course, complicated because the
method does not cleanly separate related qompounds, and because a signal
at any given m/e value can result from several isomeric compounds pre-
sent in the sample.

The EI spectra (Figure 11) show fragments up to about 260,
which corresponds approximately to two heptene molecules plus four
oxygens (C7H1402)2 = 260. The CI spectra (Figure 12) show more dis-
tinctive features, in part because CI usually gives simpler fragmenta-
tion patterns and larger parent ions. Spectrum No. 4 shows two groups
of peaks with a minimum around m/e 180, while spectrum No. 7 has a

second minimum around m/e 300. FEach group of peaks consists of triplets

of quartets separated by 14-16 mass units. This mass difference is equal
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to one oxygen atom, a methylene unit, or to one oxygen atom less two
hydrogen atoms. It is reasonable that components in the aerosol mix-
ture would differ in this way, since photodegradation of organics under
smog-chamber conditions involves oxidative removal of H-atoms, chain
scission reactions, and incorporation of atmospheric oxygen.

The signals with the highest m/e appear in No. 10 with m/e
436. It is not known whether compounds of higher molecular weight were
absent from the sample or simply were not sufficiently volatile to
appear on our spectra. Another possible explanation for their absence
is that such high-molecular weight species were not removed from the
f;lter by our extraction procedure. To discount this alternative, we
examined a filter sample containing l-heptene aerosol in the mass
spectrometer probe. Although signals with m/e up to several hundred
were observed, the spectrum was very weak and could not be ascribed
with certainty to aerosol alone.

To our knowledge, the presence of polymeric substances in
hydrocarbon aerosals has not been demonstrated previously, although
there has been some discussion in this regard.

Further work will be necessary to determine the nature of the
cross-links in the polymers, which will provide a clue to the mechanism

for formation of the aerosol.

E. Infrared Spectrum of 1-Heptene Aerosol.

The infrared spectrum of the methylene chloride extract of
the aerosol from the l—heptene/NOX/SO2 experiment was recorded as a
film on sodium chloride plates. The spectrum is shown in Figure 13,
and reveals strong absorption in the regions corresponding to frequencies
where hydroxy, carbonyl groups, and C-0 single bonds absorb. The only
distinctive features are strong absorptions at 1620 and 1280 m_l which
correspond to strong bonds associated with organic nitrates (general
structure RONOZ). Such compounds have been postulated to be present

(2)

in urban atmospheric aerosols.' ‘Although this result was interesting,
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we have not recorded other infrared spectra of our aerosols because the
general features usually are not very informative. Similar spectra have

been described in detail in an earlier report on model aerosols.

F. Analysis of Vapor Phase Organic Species
Associated with Model Aerosols

Vapor phase species were collected using Chromosorb 102 chromato-
graphic traps, following filtration by a pre-extracted quartz fiber
filter. Approximately 300 liters of gas were sampled from the smog-
chamber in each instance. The collected samples were recovered by
thermal desorption, followed by freeze-out in a stainless steel sample
loop; chromatographic injection was subsequently achieved through flash-
heating the loop to 250 C and diverting the GC carrier gas through it,
as described earlier. The three model aerosol systems chosen for this
study were toluene/NOx, toluane/NOX/SOZ, and l—heptene/NOX/SOZ/NOZ. GC
separation was achieved using a Silar SCP chromatographic column; GC-MS

analysis was carried out by methane chemical ionization.

1. Analysis of Volatile Species Associated with Toluene Aerosol. Two

exveriments were carried out, one utilizing toluene/NOx/SO , and the

2
other in the absence of SO,. The objectives were to determine what

2
volatile products were formed, and how these differed from the species
associated with filterable particulate, and also to determine whether
sulfur-containing species were associated with the more volatile aerosol
products.

Striking differences from the previous analysis of the par-
ticulate aerosol material were immediately evident in both experiments.
The products observed had undergone little or no oxidative degradation,
and a considerable degree of ring substitution had taken place. Rela-
tively minor differences were observed between the two experiments,
and no organic sulfur-containing compounds were detected. All major
products were common to both experiments, except one, and eight of the
nine major products contained a nitro group.

As might be expected on the basis of free radical oxidation,

benzaldehyde, phenol, and three isomers of nitrotoluene have been
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tentatively identified on the basis of their methane ionization mass
spectra. Additionally, one isomer of nitrophenol has been tentatively
identified in each reaction system. We are presently unable to assign
a structure to three further products which are common to each experi-
ment, these compounds most probably have molecular weights of 122, 112,
and 90. One major peak which appears to be a polar compound and to
have a molecular weight of 122 was found only in the toluene/NOXSO2
system, although this material does not appear to contain sulfur. The
mass spectrum of this latter compound is consistent with methyl-p-ben-
zoquinone, which will be identified conclusively when an authentic
sample is received for comparison.

While four isomeric nitrocresols were found in both of these
systems, only two were previously found in filterable particulate from
a similar toluene/NOX system§3) However, the vapor sampling/analysis
system permits significantly higher sensitivity which could account
for this apparent discrepancy, since two of the isomers were of rela-
tively minor concentration. Surprisingly, nitrotoluene was not pre-
viously observed in filtered aerosol particulate, yet all three possible
isomers were observed in this study. We are unable to explain the
presence of styrene and ethyl styrene, other than to attribute them to
contamination or impurities in the original toluene.

In summary, the following species have been determined on

both toluene/NOX and toluene/NOXSO systems. No sulfur organics were

2
detected.

CHO OH CH, CHj
[::t::] [Eiég;! [:ggéig [Eiééi}—’OH
NO
NO 2 NO 2 2

(3 isomers) (4 isomers)
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The reconstructed gas chromatograms for the respective GC-MS analysis

are shown in Figures 14 and 15; tentatively identified compounds are in-
dicated on the figures, and the mass spectra for peaks in the toluene/NOx/
802 experiment are included in Appendix B.

2. Anelysis of Volatile Species Associated with 1-Heptene Aerosol. Gas

chromatographic analysis of the organic vapors associated with l-heptene/
NOX/SO2 aerosol provides a remarkably simple well resolved chromatogram.
Unfortuantely, the subsequent GC-MS analysis of this sample by methane
ionization has presented some difficulty. The six major products give
high quality spectra, but since they are all presumably aliphatic, the
spectra leave oper. a very wide range of possibilities with regard to
interpretation. The spectral assignments indicated on Figure 16 must

at this stage be regarded as speculative, although they are not incon-
sistent with the mass spectra of the major peaks which are presented in

Appendix C.
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G. Reaction Types and Mechanisms Infrared from Tentatively Identified
Reaction Products in Model Aerosols

On the basis of reactions which are known to occur during
smog formation, it is possible to write reasonable mechanisms leading
to the products that we have tentatively identified from different aero-
sol precursors (see Background section). Some mechanisms we favor are

as follows.
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The above reactions are rather obvious ones, and we have not
tried to include every plausible route to each compound. The most in-
teresting feature in the products, from a mechanistic point of view,
are the large number of terminal alcohol groups. These represent a
relatively reduced functionality, and it is difficult to write many
homogeneous gas-phase mechanisms from the starting materials we studied,
which give alcohols as products. We have accordingly considered many

redox reactions in our mechanisms involving aldehyde disproportionations:

RCHO + R'CHO - RCHZOH + R'COOH.

This type of reaction is given as "ox" in the mechanisms, and
presumably would take place within the aerosol droplets. If the reduc-
ing aldehyde is formaldehyde, the product is formic acid. Both of the
latter compounds are known constituents of atmospheric smog.

The ring-operated products from toluene can be explained in a
simple fashion if we invoke B-scission in alkoxy radicals, which we postu-
late as intermediate species. Nitration and hydroxylation of toluene
probably occur by a free-radical mechanism as depicted above, followed
by rearrangements of the radical adducts that probably take place in
the condensed phase. On the other hand, cresols (hydroxytoluenes) are
quite reactive toward nitration in solution, and it is therefore also
reasonable that the nitrocresols may be formed from nitric acid and
cresols within the aercsol drops or at surfaces, rather than as shown
above.

It should be emphasized that neither the mechanisms nor the
nature of the products are firmly established. Many products can be
generated on paper by slight variations of the above reaction paths,
that are not observed (or have not been identified) by our analytical
procedures. Future work will render the nature of the reactions more

certain.

H. Health Effects

The toxic doses and safety limits for concentrations of the
compounds tentatively identified in the vapor and particulate phases in

this work are given in Table 4. The compounds that appear in brackets
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TABLE 4. TOXICOLOGY OF COMPONENTS IN TOLUENE
AND 1-HEPTENE-DERIVED AEROSOLS

Compound Toxicology
4-Nitro-m-cresol ipr-mus LDLo:500 mg/kg
2-Nitro-p-cresol orl-rat LD50:3360 mg/kg
m-,0~, and p-Nitrotoluene USOS-air: TWA 5 ppm (skin)
[Nitroglycerin Usos 2 mg/m3 (0.22 ppm) (skin)]
[p-Benzoquinone USOS air: TWA 0.1 ppm]

2 -Methyl ~-p-benzoquinone orl-rat LDLo 250 mg/kg
Benzaldehyde orl-rat 1.D50: 1300 mg/kg
n-Hexaldehyde ihl-rat LCLo: 2000 ppm/4H
[1,2-Epoxybutane ihl-rat LCLo: 4000 ppm]

Source: NIOSH Toxic Substances List, 1974
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are related to ones tentatively identified, since data on few of the
more oxidized toluene products are available. (Nitroglycerin has been
included because two strong bands in the IR spectrum of the crude 1~
heptene aerosol supported the presence of organic nitrates.)

In polluted atmospheres, the concentration of particulate is
usually below 100 ug/m3, of which about one quarter is organic. If
an average molecular weight of 200 in the organic portion is assumed,
the upper limit of organic pollutant concentration in the aerosol is
about 0.01 ppm. The toxic levels and safety thresholds in Table 4
are all considerably above this value. Although (1) much of the data
in Table 4 pertains to animal studies, (2) many of the figures refer
to doses administered by means other than inhalation, and (3) amounts
less than the lethal doses cited may cause tissue damage, it does not
appear that any of the organic compounds tentatively identified poses
an immediate health hazard. On the other hand, we cannot discount
long-term effects on humans of inhalation of such compounds in small
quantities, either alone or in combination with other pollutants.

In particular, many of the compounds identified in our study
are present in, or related to components of embalming preparations
(Table 5). The function of the aldehydes in such preparations is to
coagulate and harden protein, while the alcoholic constituents lower
the surface tension of the liquid and promote diffusion of the aldehydes
into tissue.(*) A different cellular phenomenon for which aldehydes (in
particular, malondialdehyde) are held responsible, is the appearance of
fluorescent pigments (age pigments) in living tissues in amounts that
increase with the age of the organism. Such pigments are thought merely
to accompany oxidative reactions of lipidsfs)although their formation
involves cross-linking reactions that may cause loss in tissue resiliency.
Compounds containing multiple aldehyde groups, which may react in the
same manner to induce cross-linking, were identified tentatively in

earlier work in these laboratorieé6) and elsewhereﬂz)
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TABLE 5. COMPONENTS OF EMBALMING FLUID

PREPARATIONS
Formaldehyde Phenol
Glutaraldehyde Glycerin
Benzaldehyde Salicylic Acid
Furfural tert-Butanol
Water Methanol

Hydroxymethylcellulose

Sources: Bennet, "The Chemical Formulary";
Kirk-Othmer, "Encyclopedia of
Chemical Technology"
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I. Conclusions

Although product identifications for many of the oxidized
species are tentative, the overall picture of the fate of toluene and
1-heptene under simulated urban atmospheric conditions is what we would
reasonably expect. The initial oxidation processes give relatively
simple, identifiable derivatives that are found on gas phase sampling.

The particulate aerosol products from both hydrocarbons are more highly
oxidized, and hence more polar and less volatile. For l-heptene the aero-
sol consists in part of compounds of high molecular weight that are

formed by condensation of species arising from different heptene mole-
cules. The fact that conventional derivatization fails to render either
aerosol more than about 307 volatile is consistent with the presence

of several functional groups in the molecules or with a high molecular
weight. Sulfur dioxide and sulfuric acid aerosol do not give appreci-
able quantities of new compounds detectable by our approach when in-
cluded in the toluene runs.

All of the products identified from the vapor or aerosol
phase in toluene and l-heptene are present in concentrations that do not
appear to present a direct health hazard in the quantities expected in
urban atmospheres. The composition of the model aerosols and oxidized
species in the vapor, however, resembles that of several embalming
fluids that owe their preservative action in part to reactions of aldehyde
components with tissue protein. The effects on humans of organic aerosols
over extended periods, either alone or in synergism with other pollutants,

therefore, may be significant.
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APPENDIX A

METHANE IONIZATION SPECTRA OF
COMPQUNDS OBSERVED ON THE GC-MS
ANALYSIS (FIGURE 10) OF TOLUENE AEROSOL,
DERIVATIZED WITH BSTFA
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APPENDIX B

METHANE IONIZATION SPECTRA OF
COMPOUNDS TENTATIVELY IDENTIFIED
ON THE GC-MS ANALYSIS (FIGURE 15) OF

VAPORS ASSOCIATED WITH
TOLUENE/NOX/ 302 AEROSOLS
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APPENDIX C

METHANE ITONIZATION SPECTRA OF
COMPOUNDS OBSERVED ON THE GC-MS ANALYSIS

(FIGURE 16 ) OF VAPORS ASSOCIATED

WITH 1—HEPTENE/NOX/SO2 AEROSOLS
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