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ABSTRACT 

An exploratory study was conducted to determine if micro-analytical evolved gas analysis 
(EGA) for measuring carbon and nitrogen could be used to distinguish aerosols from different 
indoor sources. The method requires less than 20 ~-&g of particulate matter and it is rapid and 
inexpensive. Thermograms (rate of evolution of C02 and NOx versus temperature) were 
determined for samples of environmental tobacco smoke (ETS), kerosene soot, indoor aerosol 
from woodburning homes and outdoor aerosol from New Jersey. The thermograms were used 
to calculate the amounts of carbon and nitrogen for five temperature intervals from 50 to 
600°C, normalized to particle mass. 

The thermograms from different sources showed distinct differences. ETS and kerosene 
soot had the highest mass percentages of carbon and nitrogen (37% C, 4% N and 27% C, 10 % 
N, respectively), although their nitrogen thermograms differed substantially. Organic nitrogen 
dominated the ETS samples while most of the nitrogen in kerosene soot was (NH4)2so4. The 
kerosene soot samples also had the highest percentages of black (elemental) carbon and could 
thus be distinguished from woodsmoke and outdoor aerosol. These results on a limited number 
of samples suggest that, with additional research, this method may be useful for distinguishing 
the contributions of ETS, kerosene soot, woodsmoke and outdoor aerosol in indoor atmo­
spheres. 
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INTRODUCTION 

Cigarette smoke and other indoor combustion sources such as woodburning stoves and 
kerosene heaters can pe
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major contributors to concentrations of airborne particulate matter in 

indoor environments. - Infiltration of outdoor air also contributes to indoor concentrations 
of airborne particulate matter and, in some instances, may be the major source of indoor 
aerosol.~ Indoor combustion sources can substantial'?, ~ncrease the indoor concentrations of 
particulate organic matter and its mutagenic activity. - Both the chemkc~l composition and 
the biological activity of particles vary depending upon their sources, • and their health 
impacts are also expected to differ. Thus, it would be useful to be able to estimate the 
contributions from various sources. The relative contributions of outdoor air and various 
indoor sources to indoor concentrations of particles, however, are not easily determined 
because there are large differences in source usage and ventilation and infiltration rates among 
homes. 

Sexton and Hayward 10 have suggested that receptor source apportionment models might be 
useful for estimating the contributions of various sources to indoor concentrations of airborne 
particles. However, appropriate tracers have not yet been identified for all of the major 
sources of indoor aerosols. If tracers or patterns of tracers could be found for each major 
indoor source type, then receptor source apportionment modeling could provide the means to 
determine the contributions of each of these sources to indoor concentrations or to personal 
exposures to airborne particulate matter. Emissions from most of the indoor sources are 
largely organic in nature; thus, analyses for the many individual organic compounds in these 
source emissions may offer the potential for distinguishing sources. These analyses, however, 
are expensive and require sampling hundreds of cubic meters of air. Therefore, there is a 
need for a more rapid and inexpensive analytical method for measuring source tracers, 
particularly for use for large surveys. Such a method should require only a small sample of 
indoor particulate matter since there are constraints on the volume of air that can be sampled 
in a given time period in indoor environments without perturbing the concentrations of the 
species being sampled. 

In this study, we investigated the applicabilitr of the micro-analytical evolved gas analysis 
(EGA) method developed by Dod and Novakov for receptor source apportionment modeling 
in indoor air. Samples of emissions from indoor sources or source-influenced particulate 
matter were obtained from various investigators and analyzed by EGA for organic and 
inorganic carbon and nitrogen. Temperature intervals were identified for the isolation of 
different features in the thermograms from the EGA and the composition profiles from each 
source type were compared. 

EXPERIMENTAL 

Method 

The method of analysis was temperature-programmed evolved gas analysis in oxygen.11 •12 

Thermograms (rate of evolution of C02 and NOx as a function of temperature) were 
determined for particulate samples of environmental tobacco (cigarette) smoke (ETS), kerosene 
heater emissions, indoor air samples from woodburning.homes, and outd~r aerosol from a site 
in New Jersey. The thermograms were determined by heatin§ a 1. 7 em disk of each loaded 
filter at a constant rate (10°C per minute) in oxygen from 50 C to 700°C. The evolved gases 
resulting from the volatilization, decomposition and combustion of the sample are passed over 
a hot platinum catalyst to convert all carbon to C02 and all nitrogen "to NO~. The C02 and 
NOx are monitored continuously, by using two gas specific detectors: a non-dispersive infrared 
C02 analyzer and a chemiluminescence NOx analyzer. The use of pure oxygen greatly 
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minimizes the pyrolysis of organics. 13 The resultant thermograms are plots of rate of 
evolution of gas versus temperature; the integrated areas of the curves are proportional to the 
carbon and nitrogen content of the sample. Quantitation was effected through calibration with 
gases of known concentrations and by measuring the gas flow rate through the system. The 
calibration was verified by analyzing samples of known elemental content. Quartz filters are 
the preferred substrate for the particles but samples collected on glass fiber can also be ana­
lyzed by this method. Samples collected on Teflon-coated glass fiber filters (with fabric 
backing removed) were only heated to about 450°C and, consequently, yield only lower limits 
for concentrations of elemental carbon. The percentages of evolved carbon and nitrogen in the 
particulate matter on the filters were then calculated from the thermograms. All data were 
blank corrected for the appropriate filter medium. Particle mass on the filters was determined 
gravimetrically. 

The EGA method requir~s only a very small sample of particulate matter. For this study, 
particle masses on the 1.7 em filter disks ranged from 30 to 400 micrograms. However, EGA 
analysis can be done with as little as 10 micrograms of material. 

Samples 

Table I presents a summary of the samples used in this exploratory research, their sources, 
type of filter, and the loading on each filter. The environmental tobacco smoke samples were 
provided by J. Lewtas, EPA, Health Effects Research Laboratory, and were generated in an 
environmental chamber. Samples of kerosene soot were provided by P.M. Boone and B. 
Leaderer, John B. Pierce Foundation, Yale University School of Medicine and were generated 
in an environmental chamber and collected at the ceiling level. Samples were obtained for a 
convective/radiant heater, a convective heater, and a radiant heater. The woodsmoke samples 
were provided by one of the authors (J.M.D.) and were collected in homes in Wisconsin with 
woodburning stoves but no othe? indoor combustion sources. Details of sample collection Have · 
been reported by Daisey et al. The outdoor samples were collected ip
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Ringwood, N.J., a 

rural, wooded site in northern New Jersey, as part of the ATEOS Study. Since the samples 
were collected on pre-heated glass fiber filters, which produce sulfate artifacts during 
sampling, the filters were not pre-weighed. Average summertime mass concentrations at this 
site, determined from samples collected on Spectrograde filters, were used to estimate the mass 
concentrations for these samples. 

RESULTS AND DISCUSSION 

Analysis Q.( 1M Thermograms 

"(._ 

Figure I presents examples of thermograms obtained for three source types. In order to 
compare different samples, the thermograms were compared to each other and to thermograms 
of standards such as NH4HS04, (NH4)2so4 , NH4No3 and selected organic compounds. The 
temperature intervals were chosen by comparison of thermogram structural features for the '\. 
various samples. The minima and maxima in the rates of gas evolution represent reasonable 
choices which captured the features of each thermogram while emphasizing common features i 
for all. Temperature intervals were selected independently for the carbon and nitrogen 
thermograms. The first temperature interval for nitrogen was subdivided to separate highly 
volatile organic nitrogen in the thermograms (region Ia) from the inorganic nitrogen of 
NH4No3 and the first peak in the thermogram of (NH4)2so4 (region Ib). 

1
A second peak for 

(NH4)4so4 and a single peak for NH4HS04 are found in region 11. 1 Based on these 
compansons the following temperature intervals were integrated: 

I. 50 to 240°C: Thermally volatilizable organic carbon; 50 to 235°C: organic and inorganic 
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nitrogen. 

Ia. 50 to 150°C: Organic nitrogen of high volatility and low molecular weight; 

lb. 150 to 235°C: Organic nitrogen of intermediate volatility, inorganic ammonium salts, 
NH4N03, (NH4)2S04. 

II. 240 to 390°C: Organic carbon of intermediate volatility and molecular weight; 235 to 
380°C: organic nitrogen and ammonium salts, NH4HS04 and (NH4)2so4 (second 
peak). 

III. 390 to 520°C: Black (elemental)15, l6 carbon and some high molecular weight organic 
carbon; 380 to 520°C: low volatility organic nitrogen, probably part of the black carbon 
matrix; 

IV. 520 to 600°C: Black (elemental)l5,l6 carbon, if large particles are present or sample is 
nearly all black carbon; nitrogen associated with black carbon. 

The temperature intervals defined for black carbon correspond to the combustion of the 
stronly optically absorbing component of combustion-derived particles, above 390°.11 Urban 
atmospheric particles~ combustion source samples and polycrystalline graphite have similar 
Raman spectra. 1 ~• lo Black carbon corresponds to what many investigators call elemental 
carbon. In an interlaboratory comparison, EGA in oxygen gave values for black carbon l 'ihich 
were within± 10% of the mean of all 17 of the methods of analysis for elemental carbon. 

It is clear from Figure 1 that the different source types have different thermograms. The 
C02 and NOx thermograms for the ETS were very similar but differed for the other source 
types. Pure fitrogen-containing organic compounds also have similar co2 and NOx 
thermograms. 1 Each source type shows co2 peaks in approximately the same reg10ns but the 
relative amounts in the regions differ. 

The NOX. thermograms show two distinct patterns: inorganic nitrogen, principally 
(NH4)2so4, gtves sharp peaks (regions lb and II) as seen in kerosene soot. Inorganic nitrogen 
peaks were also seen in region Ib for woodsmoke (not shown) and outdoor aerosol samples. 
For cigarette smoke, all of the peaks correspond to organic nitrogen, including the unusual 
feature at high temperature (region III). The nitrogen in kerosene soot is almost wholly 
inorganic, with little or no evidence of organic nitrogen. 

The differences among source types were quantified and normalized to particle mass. The 
averages for each source type and each temperature interval were then calculated. The results 
are presented in Figure 2 as percent of carbon or nitrogen ± standard deviation, for each of 
the temperature intervals of the thermograms. Numerical data are presented in Tables II and 
III which also include the results of the analyses of the samples from each of the individual 
kerosene heaters. 

~J Organic Carbon Cigarette smoke had the highest percentage of organic carbon (OC) (regions I 
and II), particularly in the lowest temperature interval, I. The kerosene soot samples also 
showed high percentages of OC when compared to the woodsmoke and New Jersey outdoor 
aerosol samples. Some of the differences in region I may be due to differences in filter face 
velocities and filter media. The woodsmoke (indoor) apd New Jersey outdoor samples were all 
collected at high face velocities, i.e., about 17 em-s- . At higher face velociti)j the semi­
volatiles tend to be lost from the filter, particularly for long s,mpling times. The ETS 
samples were collected at a lower face velocity of about 4 em-s- . The woodsmoke samples 
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were collected on Teflon-coated glass fiber filters while the cigarette smoke and kerosene soot 
were collected on quartz filters. Several investigaty9s save recently reported evidence that 
quartz filters pick up organic vapors during sampling. ,2 

The percentage ~) OC in the woodsmoke samples, which were collected in houses, 
averaged 9.2% Stiles has reported an average of 29.2% OC for emissions from burning oak 
with a similar moisture content in a woodburning stove. His samples were collected on quartz 
filters. Quartz filter adsorb some gas-phase hydrocarbons, thus increasing the relative 
concentration of low molecular weight organics i~ the samples in comparison with samples 
collected on Teflon-coated glass fiber filters. Rau has recently reported values of 14 ± 4 % 
OC for emissions from burning hardwood under hot burn conditions; OC averaged 57 ± 5 % 
for cool burn conditions. Rau's samples were collected on quartz filters but a correction was 
made for filter adsorption of organic vapors during sampling. 

The average concentration of OC (6.3 %) estimated for the two New Jersey outdoor aerosol 
samples in this study is consistent with the average co~~entration of 8.2% reported previously 
for this site using a different method and more samples. 

Black (Elemental) Carbon. The kerosene soot samples had the highest concentrations of black 
(and high molecular weight) carbon, 14.9 ± 8.1 % of particle mass (regions III and IV). There 
was considerable variation among the individual samples from different types of kerosene 
heaters, as can be seen in Table II. The convective/radiant heater emitted particles with the 
highest percentage of black carbon, 22 %, followed by the convective heater with 17 % and the 
radiant heater with only 5 %. The average concentration of black carbon in the woodsmoke 
samples was only 3 %. There may have been some additional black carbon in the woodsmoke 
samples which could not be measured beca~~e of the interference from the Teflon-coated filter 
in the highest temperature region. Stiles reported concentrations of elemental carbon in 
woodsmoke from oak to range from 1.6 to 7 .2%, depending on the percent moisture in the 
wood. (The method used by Stiles to measure the elemental carbon differs from the method 
used here to measure black carbon ~ut the two measurement methods should give similar, 
although not identical, values.) Rau2 reported an average elemental carbon concentration of 
16 ± 4 % for hot burning hardwood and 5 ± 1 % for cool burning hardwood. 

The concentration of elemental carbon in the two outdoor aerosol samples from a rural site 
in New Jersey was estimated to be 3.5 %. The average concentration of elemental carbon in 
outdoor aerosol collected in the summertime in New Jersey at the ~ingwood site was 1.5%, 
measured by another method for a different and larger set of samples. 

Nitrogen. The average percentages of nitrogen in the particles, reported in Table III, were 
lower than those of carbon. The cigarette smoke and the kerosene soot showed the highest 
average percentages of nitrogen, 4 % and 8 %, respectively. Based on the thermograms in 
Figure 1, however, the chemical nature of the nitrogen from these two sources appears to be 
different. For the kerosene soot, the two peaks with maxima at 190°C and 270°C in regions Ib 
and II are characteristic of (NH4)2so4. The shape of the thermogram for the cigarette smoke 
is quite different, with a broad peak in region Ia having a maximum at about 120°C. Thus, 
by further dividing region I into two sub-regions from 50 to 150°C and 150 to 235°C, these 
two sources can better be distinguished. The woodsmoke sary~1es (not shown) had region Ia 
maxima indicating the presence of organic nitrogen compounds. 
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Source Discrimination 

The purpose of this research was to provide preliminary information on the ability of the 
EGA method to differentiate among various sources and estimate their contributions to 
airborne particulate matter. Because readily available samples of source emissions or source­
influenced aerosol were used, there has been no standardization of sampling method or filter 
medium. Despite this, the thermograms show clearly different patterns for the different 
source types. 

In Figure 2 the average concentrations of carbon and nitrogen in each interval are shown 
for cigarette smoke, kerosene soot, woodsmoke (influenced) aerosol and outdoor aerosol. The 
patterns shown are clearly different for the different sources and support the feasibility of 
using the method for source discrimination. Cigarette smoke and kerosene had the highest 
total concentrations of both carbon and nitrogen. For cigarette smoke, the fraction of nitrogen 
in the smoke was 2.5 times greater than that in the woodsmoke and 1.6 times that in the 
outdoor aerosol. The distribution of the nitrogen in the cigarette smoke was similar to that of 
the carbon while the other source profiles showed little or no correlation in distributions of 
carbon and nitrogen. These differences should enhance discrimination of cigarette smoke from 
these sources. 

There were differences in region Ia and lb/11 nitrogen that should also enhance source 
discrimination among the tobacco smoke, the kerosene soot and the woodsmoke. Cigarette 
smoke had a high concentration of organic nitrogen in region Ia (1.65%) while the kerosene 
soot had only one-sixth to one-ninth the concentration and woodsmoke had even less. The 
kerosene soot was enriched in (NH4)2so4 (regions lb and II; 5.6 to 8.9 %) while the tobacco 
smoke had only 1.6 % nitrogen in these regions. The kerosene soot also differed from the 
cigarette smoke in black carbon composition. The carbon concentration in regions III and IV 
was about 3 times higher, on average, for the kerosene soot than the cigarette smoke. The 
woodsmoke aerosol could be discriminated from cigarette smoke by region III nitrogen which 
was about 4 times higher in the ETS than in the woodsmoke aerosol. There may also be 
significant differences in region I nitrogen between these two source types, although 
differences in sampling method for the two samples prevented any clear conclusions. 
However. very little nitrogen would be expected in this region for a sample of woodsmoke 
collected at the same flow rate and filter as the ETS. Such sampling would be expected to 
enhance the measured organic carbon in region Ia of the woodsmoke because of the lower flow 
rate. 

It is also possible to combine the data from EGA with other tracer measurements to 
increase discrimination among sources. Trace metal analysis, for example, is now done very 
routinely and inexpensively on very small samples of aerosol. Source profiles for outdoor 
sources typically include trace element concentrations plus organic and elemental carbon. For 
indoor sources, it may be useful to develop profiles consisting of EGA data combined with 
selected trace elements such as K, S and Fe. 

There is another potentially important contributor to indoor aerosol, i.e., cooking. So little 
work has been done on aerosols from this source that it is difficult to even speculate about 
composition. Volatilization of fats during cooking and their subsequent condensation would be 
expected to produce an aerosol with high concentrations of VOC. Burning food will produce 
pyrolysis products including soot. Some organic nitrogen aerosol may also be produced during 
the cooking of ineats. This source type may be much more variable than the other types, and 
therefore, its contribution to aerosol levels may be difficult to estimate. · It may be that its 
overall contribution for a 24 hour sample collected in a house is not very large (although 
exposures to the cook might be quite high). In a chemical mass balance source apportionment 
model, this source may simply end up in the residual or unattributable aerosol mass. 
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CONCLUSIONS AND RECOMMENDATIONS 

This preliminary research, despite limitations in the samples available for analysis, 
indicates that the EGA method may be useful for discriminating the contributions of various 
sources of indoor aerosols in a source apportionment model. The method has the advantages of 
being simple, rapid and inexpensive. In addition, very little sample is needed for the analysis. 
Additional experimental data, however, are needed to prove the utility of the method. The 
following specific recommendations are made: · 

I. Source emissions samples should be collected on the same filter medium, at the same 
sampling rate and then analyzed and compared; c/ 

2. Mixtures of aerosols from two or three sources should be generated and analyzed by 
this method to determine how well the method works for "real world" mixtures; 
further refinement in the thermogram analysis protocol might also be required; 

3. Once good source emissions profiles have been generated, the data should be subjected 
to the single value decomposition analysis recommended by Henry (I 982) to evaluate 
multicollinearities and determine which sources can be distinguished accurately using 
EGA composition profiles, taking into account source variabilities. 
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Table I. Nature of samples, filter media and filter loading. 

Samples 

Cigarette smoke 

Kerosene soot 

Woodsmoke 

Outdoor aerosol 

Filter Type 

Quartz 

Quartz 

Teflon-coated glass 
fibera 

Glass fiber 

Loading, ~/cm2 

120-231 

19-32 

59-142 

220-252 

a= The fabric backing was removed before analysis; CEGA to -450 ac 
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Table II. Carbon as a percentage of total particle mass. 

Region 
""' 

Source n• I II III IV SUM ( ... 

Cigarette smoke 2 21.6±2.6 10.5±1.1 4.5±0.8 0.57±0.16 37.2 

Wood smoke 2 1.9±0.9 7.3±1.8 2.9±2.8 
___ b 

12.2 

Kerosene soot-- 7.3 3.2 13.4 3.4 27.3 
convective 

Kerosene soot-- 9.2 5.9 20.4 1.4 37.0 
convective/ radiant 

Kerosene soot-- 6.6 2.6 5.1 0.91 15.2 

radiant 

New Jersey outdoor 2 2.1±0.6 4.2±0.6 3.1±0.1 0.35±0.13 9.8 
aerosol 

a= Number of samples 
b = Not analyzed because of interference from Teflon in filter 
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Table III. Nitrogen as a percentage of total particle mass. 

Region 

·! 

\l Source na Ia lb II III IV SUM 

Cigarette smoke 2 1.6±0.1 0.74±0.01 0.89±0.03 0.67±0.04 0.05±0.02 4.0 

Wood smoke 2 0.12±0.01 0.72±0.58 0.59±0.26 0.15±0.15 NjAb 1.6 

Kerosene soot-- 0.32 5.3 3.62 0.55 0.10 9.9 
convective 

Kerosene soot-- 0.52 4.4 2.9 0.88 0.26 8.9 
convective/radiant 

Kerosene soot-- 1 0.18 2.9 2.7 0.22 0 6.0 

radiant 

New Jersey outdoor 2 0.15±0 1.6±0.1 0.47±0.15 0.20±0.06 0.04±0.03 2.5 
aerosol 

a= Number of samples 

b = N/ A = not analyzed due to interference from Teflon coating of filter 
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Figure 1. 

Figure 2. 

FIGURE CAPTIONS 

Thermograms of particulate matter samples from various sources. Left side, 
carbon; right side, nitrogen. The four temperature intervals are indicated by the 
numerals I, II, III, and IV for the two thermograms at the top of the figure. 

Average percentages of carbon (left) and nitrogen (right) for each source type, 
starting with temperature interval I at the left. For woodsmoke, no data were 
obtained for region IV because of filter interferences. 
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