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ABSTRACT

Extractable organic compounds having between 6 to 40 carbon atoms comprise an

important mass fraction of the fine particulate matter sampled from major urban emission

sources. Depending on the emission source type, this solvent-soluble fraction accounts for

<20% to 100% of the total organic aerosol mass, as measured by quantitative high-

resolution gas chromatography fI-IRGC) with flame ionization detection. In addition to total

extract quantitation, HRGC can be applied to further analyses of the mass distributions of

elutable organics present in the complex aerosol extract mixtures, thus generating profiles

that serve as "fingerprints" for the sources of interest. This HRGC anaiy_cal method is

applied to emission source samples that contain between 7 to 12,000/_g/filter organic carbon.

lt is shown to be a sensitive technique for analysis of carbonaceous aero_l extract mixtures

having diverse mass loadings and species distributions.
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[NTRQDUCTION

Study of the sources of organic aerosols found in urban atmospheres is of key

importance because organic particulate matter comprises typically 30% of the fine aerosol

mass (i.e., nominal particle diameter < 2.1/zm).1 These air borae c:_bonaceous particles

contribute to visibility reduction _'3and have complex chemiea._ compositions that include

carcinogenic and mutagenic organic compounds. 4"t° In the past, a few of the organic aerosol

compounds present in urban atmospheres have been traced back to their origin, but the vast

proportion of the aerosol material remains to be assigned to its source. This study describes

the analytical chemical methods that have been applied to: (1) the construction of chemical

mass balances based on the mass of fine organic aerosol emitted from major urban sources of

particulate carbon; and (2) the generation of discrete emission source chemical profiles

derived from chomatographic characteristics of the organic aerosol components.

E_ERIMENTAL APPROACH

• Source Sampling

A dilution stack sampler was designed and field-evaluated for collection of fine

organic aerosols from combustion sources. Strong emphasis was focused on minimizing

sample loss and contamination due to collector components and to ,sample handling. 1_ The

sampler simulates the cooling and dilution processes that occur in the plume downwind of a

combustion source, sw that the organic compounds which condense onto pre-existing particles

under ambient conditions are collected in the sampler as particulate matter. Details of the

the organic aerosol acquisition procedures are presented elsewhere. _t,_2 Urban emission
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sources were selected on the basis of previous mass emission inventories of particulate
i

carbon compiled for metropolitan Los Angeles, sufficient to account for close to 80% of the

organic aerosol emissions in that air basin. _3.1_The urban emission sources of particulate

carbon examined in this study are summarized in Table 1. The quantitative mass emission

characteristics corresponding to each of the source types are reported elsewhere, ts

Analysis

Several considerations are important to the overall design of the emission source

characterization study. First, quantitative links between the total fine aerosol mass and the

carbonaceous subfractions must be developed. This is a critical requirement for relating the

mass of potential molecular tracers to the total fine particle mass emission rate of a given

source type. Second, the source sampling and analytical protocol must be applicable to a

wide range of aerosol mass loadings and chemical compositions_ Here, the objective is to

generate source sampling and analytical methodologies which are dynamic with respect to

sample size, thus placing fewer constraints on field sampling operations, in spite of the fact

that source emission rates and hence sample sizes, often will not be known until after the

source test has been conducted. An additional benefit of a broad measurement capability is

the ability to assess in a quantitative fashion as many carbonaceous compounds as possible

that are associated with a given emission murce. A third design consideration is the

incorporation of quality assurance/quflity control (QA/QC) procedures which adequately

evaluate laboratory proco.duresas well as sampling background (including dynamic and static

system blanks). Without close sclutiny of laboratory and sampling bla_'aksat the molecular
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level (i.e., individual organic compound analysis by mass spectrometry), it is not possible to

identify definitively the carbonaceous chemical components that are present as fine aerosol

emissions. Fourth, the precision of the analytical protocol must be within acceptable limits.

As a final design consideration, the a,,_alytical method must generate data which are suitable

for computer manipulation. This last requirement is intended to facilitate quantitative

comparisons of the different chemical attributes that characterize the sampled emission

sources of f'me particulate carbon.

The analytical objective of this study is to construct a mass balance for each emission

source by examining the relationships between total aerosol mass and certain carbonaceous

fractions:

Total Mass : Total Carbon (Organic+ Elemental) : Elutable Organics : Molecular Tracer.

An array of analytical methods are required for the above mass determinations: (1)

gravimetric determination of the total mass of aerosol collected on a sampled filter; (2) total

carbon analysis by a combined pyrolysis/combustion measurement technique; _5(3)

quantitation of total solvent-soluble, elutable organics (i.e., lipids having 6 to 40 carbon

atoms) by high-resolution gas chromatography (HRGC); _6(4) quantitation of single organic

compound peaks by HRGC with flame ionization detection (FID)tS; and (5) molecular tracer

identification and quantitation by high-resolution gas chromatography/mass spectrometry

(HRGC/MS). t_ To provide sufficient organic mass for the HRGC and HRGC/MS analyses,

" up to 18 separate parallel filters were configured into the source sampling device to produce

the samples necessary for the above mass determinations, tt In this paper we summarize the
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results of the first 3 mass balance resolution steps listed (i.e., total carbon (TC), organic

carbon (OC), and total elutable organics) for the source samples, the analytical blanks, and

the sampling system blanks. The mass emission characteristics of the investigated sources

and the organic source 'fingerprints" for sources other than the diesel truck data of Figure 1

are discussed elsewhere. 11'_2

Micro-methods have been developed for the quantitative recovery of extractable

organic matter in the atmospheric fine aerosol fraction. _6"_aThe analytical protocol is

designed to monitor losses associated with volatilization, incomplete extraction, or

instrumental bias. The organics are extracted from the filters by ultrasonic agitation using

successive additions of hexane (2 volume additions) and benzene/isopropanol (3 volume

additions). The serial extracts are f'fltered and then combined. The total extracts are reduced

to volumes of 150-2500/zL. The neutral fraction of the organics is defined operationally as

that fraction which elutes from the bonded phase (DB-1701) of the analytical column and is

detected by the FID of the HRGC without further derivatization. An aliquot of the total

extract is def, vatized by addition of diazomethane, t_ This step converts reactive organic

acids to the lespective methyl ester or methyl ether analogues. Injectionof this derivatized

fraction onto the HRGC column produces chromatographic data for the acid plus neutral

(acid + neutral) fraction. The mass of the acid fraction of the solvent-soluble organicsare

determined by difference. Quantitation of the total extracts is accomplished by computerized

HRGC analyses that incorporate the combined application of: (1) area counts relative to a

coinjection standard (1-phenyldodecane); (2) relative response factor for the perdeuterated

recovery standard (n-C_Ds0); and (3) recoveries of the perdeuterated recovery standard.
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The mass determination per filter for the various emission source samples, along with

averages of the laboratory blanks and system blanks, are presented in Table 2. The mass

loadings of the source samples on a per filter basis ranges over 3 orders of magnitude, from

13 _g to 20 mg. The diverse carbonaceous compositions of the samples become evident

when considering the relative proportions of the TC, OC, total organics (i.e., OC mass

multiplied by a factor of 1.2 provides a lower mass estimate of the hydrogen, oxygen,

nitrogen, etc., atoms that are bound or bonded with operationally-determined atomic organic

carbon), t9 and total elutable organics (i.e., organics that are detected by HRGC).

Quality Control/Quality Assurance

Source sampling system blanks and laboratory blank filter composites were generated

routinely throughout the source testing and analytical work-up procedures adopted for this

study. Ali blanks were evaluated by analytical procedures identical to those used for the

collected source f'dter samples. Mass loadings of the principal carbon-containing fractions

for the laboratory blank filter composites (each containing 4, 8, or 16 of the 47mm quartz

microfiber filters) and the dynamic source sampler system blanks are listed in Table 2. Both

types of blanks contain total masses which are below the detection limit of the gravimetric

measurementmethod (i.e., < 5 #g/f'dter total weighable mass). Total carbon, organic

carbon, and total organics masses are < 2 _g/filter for the laboratory blank analyses and 10

to 11/_g/filter for the dynamic system blanks, while elutable organics mass loadings average

7 and 9/_g/filter, respectively. The three independent measurements used to quantitate mass
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confirm the upper bound mass estimates for the blank samples as 9/_g/filter for the

laboratory analytical blanks and 11 _g/filter for th_ dynamic sampling blanks. The standard

deviation of the blanks is also given in Table 2, and is seen to be 2 _g/filter or less for the

source system sampler blanks, and 4.5/_g/filter for the total elutable organics in the

laboratory blanks. These data on the variability of the blanks can be used to assess the

detection limits (LOD) and quantitation limits (LOQ) of the procedures used according to the

method of Keith et al.so

The replicate analyses of blank samples via HRGC also enabled identification of and

correction for contaminant peaks. Using HRGC/MS analyses, spurious compound peaks

seen in the blank analyses were identified and determined to be solvent artifacts.

Consequently, during HRGC analyses of the source samples, the retention times of the

principal contaminant peaks were monitored routinely, and when found, the respective

resolved areas were subtracted from the total integrated area.

Preliminary Test F'dters

Test aerosol samples were evaluated and consisted of authentic fine ambient aerosol

samples and replicate source samples. 1_'16In the procedure of reference (16), n-CuDso is

used as an internal standard to facilitate quantitation of the organics present. The amount of

n-C24Dsoto be added to the sample filter as a surrogate standard before sample extraction was

determined from the total mass of organic carbon (OC) contained on a replicate filter that

was analyzed by pyrolysis/combustion; the ratio of OC mass to the mass of added n-C_Dso

was chosen ,o be 150/_g OC : 1 #g n-Ca+Dso. Results of the test samples provided
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performance evaluations of the analytical protocol. First, the efficiencies of the extraction

procedures could be checked, using the perdeuterated surrogate stand_a'd. Second, the mass

of organic material eluting through the HRGC analytical column Could be quantified,

providing the opportunity to determine the appropriate number of source sample filters to be

extracted, and/or the appropriate degree to which the extracted material should be

concentrated for measurement by HRGC. Last, the amot_nt of surrogate standard to be

added before extraction could be adjusted based on the nature of the HRGC trace for each

source, ensuring that the mass of elutable organics present could be quantitated accurately.

In this manner, blind analyses of the critical source samples were eliminated.

Mass Quantitation

Mass determinations of the carbonaceous materials from urban sources of fine aerosol

w •

are given in Table 2. Ali the data shown have been blank-corrected. It is possible to

compa_'e the total organics and total elutable organics mass values for the source samples,

because the results of both analyses have been blank-corrected, and the elutable organics

values have been corrected for the mass contributions of extraction artifacts and standards.

Differences between the results can be attributed to several factors. Most importantly, a

portion of the total organics present from some sources may not be solvent-soluble, or may

not elute through the HRGC analytical column. One would expect that a fraction of the

organic material in vegetation fragments and in tire dust, for example, will be insoluble or of

such high molecular weight that it will not pass through the HRGC analytical column. When

this fraction is significant, then the ratio of total elutable organics to total organics is much
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less than 100%. Second, the mass of total organics is calculated based on the organic carbon

mass present, multiplying by a factor of 1.2 to account for the associations of hydrogen,

oxygen, nitrogen, etc., with the carbon atoms. While this factor is considered appropriate

for ambient samples taken in urban areas, it may vary from source to source. In addition,

the precision with which the combustion/pyrolysis technique distinguishes OC from EC may

be influenced by the degree to which the associated organics are oxidized during the

procedure. Hence, the values calculated for the total organics mass may be somewhat high

or low for certain source emissions that have unusual organic composition.

The ratios of total elutable organics mass (by HRGC) to total organics mass (by

combustion) are given in Table 2. The percentages shown range from <20% to 100%,

indicating that the nature of urban area organic aerosol emissions varies greatly from source

to source. For sources with a low percentag_ of total organics eluting, like the vegetative

detritus, paved road dust, and meat cooking emissions, a significant fraction of the orgaJaic

compounds present must be either unextractable or nonelutable with the methodology used.

At the opposite extreme, the ratio of > 150% obtained for two samples of roofing tar pot

emissions indicates that the total organics mass (by combustion) has been significantly

underestimated.

Elutable Organics Mass Distributions

Besides mass d,-.terminations,the total elutable organics fraction determined by

HRGC can be characterized by subdividing the HRGC trace into discrete mass segments.

An external standard mixture containing normal alkane homologs that range between n-C_oH_
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to n-C_t-I74, is used to quantitate the mass of each of the fractions of the complex organic

mixture eluting between C. and C.+t. The HRGC relative response factor corresponding to

the C, normal alkane is used for quantitation of the total integrated area eluting between C,

and C,+t. In this manner, HRGC elution patterns can be utilized as "fingerprint" profiles for

the emission sources evaluated in this study. Figure 1 shows an example of the HRGC plot

for the underivatized extract (neutral fraction) of heavy-duty diesel truck fine aerosol (Fig.

la) and the computed organic mass distribution (Fig. lb) of the neutral elutable organics.

The precision of the computed organic mass distribution technique was evaluated for six

replicate pairs of samples that corresponded to six different emission sources. The standard

deviation associated with a single computed value (i.e., a single histogram step) Was 0.66%

of the total mass of elutab(e organics present in a given source type.t2,21

Generation of the computed organic mass distribution profile hasthe advantage of
,D ,.

producing a simplified, quantitative fingerprint for each sample of interest. First, because

the mass of the species that elutes between the C, and the C,+t n-alkanes is adjusted for

relative response of the HRGC-FID, the computed profile shown in Figure lb, for example,

reflects a more accurate distribution of species concentrations within the complex mixture.

Chromatographic bias against tl.,, higher molecular weight components which occurs

routinely for HRGC plots has been accounted for in the computed elutable organic mass

distribution. This adjustment is apparent when comparing the,distributions corresponding to

> n-Cu for Figures la and lb. A second advantage to the computed profile is that the data

on the hundreds of unknown peaks present in the original chromatogram are compressed into

a well-defined smaller number of compound groups (i.e., histogram area segments) that can
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be tracked by computer models for the atmospheric transport of aerosol emissions. Although

hundreds of individual resolved compound peaks can be detected in a HRGC profile, these

raw data (i.e., retention time versus area counts) are too numerous to be handled easily by

computer-based mathematical models. Formulation of the computed organic mass

distribution profiles allows a quantitative representation of urban emission sources. Hence,

this approach provides a data base on organic aerosol source emission characteristics that can

be related to the composition of ambient aerosol samples that have been processed in a

similar fashion (see ref. 12).

SUMMARY AND CONCLUSIONS

A procedure has been developed which provides quantitative lines between the total

f'me aerosol mass and the carbonaceous subfractions that are associated with urban ,sources of

• fine aerosol. The method is applicable to a variety of emission sources, where both organic

carbon mass loadings and the organic chemical compositions are highly diverse. Emission

source samples having organic carbon mass loadings of 7 to 12,000/zg/filter are analyzed,

and individual organic compounds in the range of C_ to C4o are characterized further via

HRGC and HRGC/MS. Low levels of analytical and sampling derived artifacts are ob-

served. Highly reproducible computed mass distribution profiles (i.e., source "fingerprints")

are obtained for the total elutable organics fraction. These features of the analytical protocol

permit a very accurate approach in describing the key chemical attributes of organic aerosols

that are emitted to urban atmospheres from major emission sources. This approach, as

applied to fine aerosol emissions, will assist in determining the origin of organic particulate

matter present in urban atmospheres via atmospheric transport modeling techniques.



't

Acknowledgements

This work was supported by the U.S. Environmental Protection Agency grant number

R-813277-01-0, and by gifts to the Environmental Quality Laboratory at the C',difornia

InstituteofTechnology.Partialsupportwas providedalsoby theU.S.Departmentof

EnergyundertheAtmosphericChemistryProgramwithintheOfficeofHealthand

EnvironmentalResearchunderContractNo. DE-AC02-76CH00016.

-11-



References

I. Gray, H. A., G. R. Cass, J. L, Huntzicker, E. K. Heyerdahl, and J. A. Rau.
"Characteristics of atmospheric organic and elemental carbon particle concentrations
in Los Angeles," Environ. Sci. Technol. 20:580-589 (1986).

2. Larson, S. M., G. R. Cass, and H. A. Gray. "Atmospheric carbon particles and the
Los Angeles visibility problem," Aerosol Sci. Technol. I0:118-130 (1989).

3. Pratsinis, S., T. Novakov, E. C. Ellis, and S. K. Friedlander. "The carbon containing
component of the Los Angeles aerosol: Source apportionment and contributions to the
visibility budget," J. Air Pollut. Control Assoc. 34:643-649 (1984).

4. Alfheim, I., G. Lofroth, and M,, Moller. "Bioassays of extracts of ambient particulate
matter," Environ. Health Perspec. 47:227-238 (1983).

5. IARC Working Group. "An evaluation of chemicals and industrial processes
associated with cancer in humans based on human and animal data," Cancer
Res. 40:1-12 (1980).

6. Gibson, T. L. "Nitro derivatives of polynuclear aromatic hydrocarbons in
airborne and source particulate matter," Atmos. Environ. 16:2037-2040.(1985).

7. Lioy, P. J., and J. M. Daisey, "Airborne toxic elements and organic substances,"
Environ. 5ci. Technol. 20:8-14 (1986).

8. Piei-rer., W. R., R. A. Gorse, Jr., A. C. Szkariat, W. W. Brachacz£k, S. M. Japar,
and F. S.-C. Lee. "Mutagenicity and chemical characteristics of carbonaceous
particulate matter from vehicles on the road," Environ. Sci. Technol. 17:
31-44 (1983).

9. Pitts, J. N. "Formation and fate of gaseous and particulate mutagens and carcinogens
in real and simulated atmospheres," Environ. Health Perspec. 47:115-140 (1983).

I0. Schuetzle, D. "Sampling of vehicle emissions for chemical analysis and biological
testing," Ehv. Health Perspec. 47:65-80 (1983).

1I. Hfldemann, L. M., G. R. Cass, and G. R. Markowski. "A dilution stack sampler for
collection of organic aerosol emissions: Design, characterization and field tests,"
Aerosol Sci. Technol. I0:193-204 (1989).

12. Hildemann, L. M. "A study of the origin of atmospheric organic aerosols,"
Ph.D. Thesis, California Institute of Technology, Pasadena, CA (1990).



13. Gray, H. A. "Control of atmospheric fine primary carbon particle concentrations in
Los Angeles," Environmental Quality Laboratory Report #23, California Institute of
Technology, Pasadena, CA (1986).

14. Cass, G. R., P. M. Boone, and E. S. Macias. "Emissions and air quality
relationships for atmospheric carbon particles in Los Angeles," in Particulate
Carbon Atmospheric Life Cycle, G. T. Wolff and R. L. Klimisch, Eds. (New York,
NY: Plenum Press, 1982), pp. 207-240.

15. Johnson, R. L., J. J. Shah, R. A. Cary, and I. I. Huntzicker. "An automated
thermal-optical method for the analysis of carbonaceous aerosol," in ACS Syrup.
Series No. 167, Atmospheric Aerosol: Source/Air Quality Relan'onships, E. S. Macias
and P. K. Hopke, Eds. (Washington, DC: American Chemical Society, 1981),
pp. 223-233.

16. Mazurek, M. A., B. R. T. Simoneit, G. R. Cass, and H. A. Gray. "Quantitative
high-resolution gas chromatography and high-resolution gas chromatography/mass
spectrometry analyses of carbonaceous fine aerosol particles," Intern. J. Environ.
Anal. Chem. 29:119-139 (1987).

17. Mazurek, M. A., G. R. Cass, and B. R. T. Simoneit. "Quantification of the source
contributions to organic aerosols in the remote desert atmosphere," EPRI Report
RP 1630- I 1 (1988).

18. Mazurek, M. A., G. R. Cass, and B. R. T. Simoneit. "Interpretation of high-
resolution gas chromatography/mass spectrometry data acquired from atmospheric
organic aerosol samples," Aerosol Sci. Technol. 10:408-420 (1989).

19. Gray, H. A., G. R. Cass, J. J. Huntzicker, E. K. Heyerdahl, and J. A. Rau.
"Elemental and organic carbon particle concentrations: A long-term perspective,"
Sci. Total Environ. 36:17-25 (1984).

20. Keith, L. H., W. Crummett, J. Deegan, Jr., R. A. Libby, J. K. Taylor, and
G. Wentler. "Principles of environmental analysis," Anal. Chem. 55:2210-2218
(1983).

21. I-Iildemann, L. M., M. A. Mazurek, and G. R. Cass. "Distinctive features of fine
organic aerosols emitted from various combustion sources," paper presented at the
AAAR Annual Meeting, Reno, NV, October 10-13, 1989.



#

Table 1. Urban Sources of F'me Carbonaceous Aerosol

Anthro_t_genic Sources

Fireplace -- natural wood; synthetic log
Vehicles -- catalyst and noncatalyst cars; diesel trucks
Home appliance -- natural gas
Hamburger cooking--charbroiling (extra-lean and regular

meat); frying
Road dust
Brake dust
Tire dust

Cigarettes
Roofing ta_'pot

Biogen,jc Sources

Vegetative detritus -- dead leaves; green leaves (cultivated and
native plant species composites)









Figure Captions

Figure I. (a) HRGC plot of the neutral elutable organics obtained from heavy-duty diesel

truck fine particulate emissions; and Co)the computed mass distribution of neutral

elutable organics plotted versus normal alkane carbon number.
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