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The major carbon fractions considered here are 1) total carbon (TC); 2) organic carbon (OC); 3) elemental or black carbon (EC or BC); 4) carbonate carbon (CC), 5) temperature-specific carbon; and 6) pyrolyzed carbon (PC).  

Filter Samples

Non uniform filter deposits cause differences for the same sample

Small punches are taken from different parts of a larger filter.  In-line filter holders result in a visible spot in the center of the filter that yields much larger TC and other fractions than areas along the perimeter (Chow, 1995 XE "Chow, 1995:EMCRSummary" ).  

Open faced filters that have a diffusion zone between the inlet and the filter surface provide more uniform deposits.  Even so, a few large carbon particles that penetrate the inlet (e.g., pollen, spores, cinders) can bias the measurements between filter punches.

Non-uniform filter punch deposits bias optical monitoring and charring

Reflectance and transmittance measures of pyrolysis are usually monitored at the center of the filter punch inserted into the thermal/optical analyzer.  Inhomogeneities across the punch can result in changes in reflectance or transmittance that are not monitored.  Yang and Yu (2002) observed blacker portions at the perimeter of a punch onto which they had spiked water-soluble organic carbon.  They attributed this to wicking of the solution spike to the edges of the punch.

If the deposit on the filter sample is uniformly distributed, as described above, then the deposit is probably also uniformly distributed.  There may be some inhomogeneity for prepared laboratory standards that are deposited by other methods than resuspension (or nebulization) and sampling onto a larger filter from which the punches are taken.

Particle deposits that are too light or too dark

Heavy filter deposits that appear very black transmit no light and reflect very little light, although even an opaque surface reflects some light (Cloutis et al., 1994).  Lightly-loaded filters (nearly blank) also experience low amounts of darkening during pyrolysis that may be within the uncertainty of the signal used to detect it.

A measure of the initial darkness of the filter is the ratio of the initial to final transmittance or reflectance.  A measure of the pyrolysis signal is the ratio of the minimum reflectance or transmittance to the initial value.  These ratios should be reported with the carbon fraction concentrations.  They should be made more absolute from instrument to instrument by calibrating the reflectance and transmittance of each optical monitor with neutral density filters.  This will not improve the pyrolysis correction, but it will flag samples for which the correction has a large uncertainty.  A data base (such as IMPROVE) with this information could be analyzed to determine the frequency and locations of  filters that are too dark, and sample volumes, durations, or filter areas might be adjusted to keep initial darkness within an optimum range.  Larger uncertainties might be assigned to the OC/EC split, or the split might be better defined as a value without pyrolysis correction for heavily loaded samples.

Larger carbon loadings take longer to evolve at a given temperature than lighter carbon loadings

A filter with more TC requires more time to develop well-defined fractions than lightly loaded samples.  Fung et al. (2002) attributed differences between the TMO and IMPROVE methods for heavily loaded filters in part to insufficient time for oxidation of OC during the lower temperature phase; some of the remaining carbon was measured in the higher temperature EC phase.

This can be alleviated by allowing the slope of the carbon detector response to achieve some value close to zero, thereby defining a peak for a given temperature/atmosphere combination regardless of particle loading as in the IMPROVE protocol (Chow et al., 1993, 2001).

Quartz filters adsorb organic vapors and volatilized particulate carbon during sampling and analysis

One hypothesis for the difference between reflectance and transmittance pyrolysis corrections is that adsorbed vapors throughout the filter may darken during analysis.  The effect of this would be lower on reflectance, which is dominated by the near-surface part of the filter, than by transmittance that is affected by the entire filter.  Particulate carbon volatilized during lower temperature steps could be retained inside the filter and char at higher temperature steps.  Carrier gas flow through the front, through the back, or across the top of the filter could affect the extent to which this is the case.  Yang and Yu (2002) observed darkening on the back of filters impregnated with water soluble organic carbon after high temperature exposure in a helium atmosphere.

Optical modeling, described below in more detail, could elucidate how reflectance and transmittance change with the location of absorbing layers throughout the filter.  This could be verified by controlled experiments that examine these at various stages of heating and with different carrier gas flow configurations.  

Carbon Particle Composition

Ambient mixtures, source mixtures, and  pure carbon substances do not respond to heating in the same way

Several particle deposits of known OC and BC have been used:  1) rich acetylene diffusion flame (Lin and Friedlander, 1988); 2) nebulized charcoal suspension (Yang and Yu, 2002); 3) different carbon blacks; 4) finely ground graphite powder; 5) organic pigments and dyes (e.g., nigrosin); 6) carbon arc emissions; 7) simulated source emissions (compression and spark ignition exhaust, wood burning, coal burning, oil burning); and 7) clear water soluble organic compounds (e.g. sucrose, KHP, organic acids).    

These will all respond differently to different filter sampling as well thermal and optical protocols. These differences can be systematically studied and related to light absorption properties of particles in the atmosphere xe “Arnott et al., 1999” 

 xe “Arnott et al., 2003” 

 xe “Moosmüller et al., 1997”  by generating these aerosols into a chamber and sampling onto filters with simultaneous monitoring by photacoustic spectroscopy.    Quartz filters should have variable flow rates so that a light, medium, and dark loading is achieved for a given aerosol concentration.  This will allow comparisons to be made among several different thermal/optical methods as a function of loading.  Quartz-fiber filters will be analyzed by Raman scattering prior to the thermal analysis.  Samples on Nuclepore-membrane filters should be submitted to scanning electron microscopic (SEM) analysis with electron microprobe to determine particle size, shape, and composition and to filter transmission methods commonly used for BC (Horvath, 1993).  For some of the experiments, a non-absorbing aerosol of ammonium sulfate or sodium chloride should be added to  provide a mixture of scattering and absorbing particles.  Comparison of the different BC and EC measurements to the fundamental photoacoustic measurements will determine the direction and magnitude of measurement method biases and the extent to which mathematical models can simulate them.  

Thermal Evolution Protocols are Poorly Documented and Characterized

Thermal evolution protocols are often referred to as Thermal Optical Reflectance (TOR) or Thermal Optical Transmission (TOT) as if the method by which pyrolysis is assessed is the major difference.  Although there are some differences between optical pyrolysis detection, these are secondary to the evolution temperatures, atmospheres, and durations for defining carbon fractions.  Large numbers of OC and EC measurements have been reported by the following thermal and optical methods: 1) Oregon Graduate Institute thermal optical reflectance (TOR) (Huntzicker et al., 1982 xe “Huntzicker et al., 1982” ); 2) IMPROVE TOR and thermal optical transmittance (TOT) (Chow et al., 1993 xe “Chow et al., 1993 carbon1” , 2001 xe “Chow et al., 2001 niosh/improve” ); 3) NIOSH TOT (NIOSH, 1999 xe “NIOSH, 1999” ); 4) STN TOT; 5) Aerosol Characterization Experiments in Asia (ACE-Asia) TOT (Mader et al., 2001 XE "Mader et al., 2001" ); 6) Hong Kong University of Science and Technology UST-3 (Yang and Yu, 2002 XE "Yang and Yu, 2002" ), 7) Meteorological Service of Canada’s MSC1 TOT (Sharma et al., 2002); 8) General Motors Research Laboratory two temperature (Cadle et al., 1980 xe “Cadle et al., 1980” ); 9) Brookhaven National Laboratory two temperature (Tanner et al., 1982 xe “Tanner et al., 1982” ); 10) Japanese two temperature (Mizohata and Ito, 1985 xe “Mizohata and Ito, 1985” ), 11) thermal manganese oxidation (Fung, 1990; Fung et al., 2002 XE "Fung, 1990" ); 12) R&P two temperature (Rupprecht et al., 1995); 13) Lawrence Berkeley Laboratory continuous temperature ramp (Novakov, 1982 xe “Novakov, 1982” ); 14) French pure oxygen combustion (Cachier et al., 1989a xe “Cachier et al., 1989a” , 1989b xe “Cachier et al., 1989b” ); 15) German VDI (Verein Deutcher Ingenieure, 1996 xe “Verein Deutcher Ingenieure, 1996” , 1999 xe “Verein Deutcher Ingenieure, 1999” ) extraction/combustion.  Results of method comparisons among many laboratories provide ambiguous results owing to subtle differences in the methods applied and the samples included in the comparison (Sadler et al., 1981 xe “Sadler et al., 1981” ; Bennett and Patty, 1982 xe “Bennett and Patty, 1982” ; Cadle and Groblicki, 1982 xe “Cadle and Groblicki, 1982” ; Cadle et al., 1983 xe “Cadle et al., 1983” ; Edwards et al., 1983 xe “Edwards et al., 1983” ; Groblicki et al., 1983 xe “Groblicki et al., 1983” ; Szkarlat and Japar, 1983 xe “Szkarlat and Japar, 1983” ; Japar, 1984 xe “Japar, 1984” ; Japar et al., 1984 xe “Japar et al., 1984” ; Adams et al., 1989 xe “Adams et al., 1989” , 1990 xe “Adams et al., 1990” ; Powell et al., 1989 xe “Powell et al., 1989” ; Cadle and Mulawa, 1990 xe “Cadle and Mulawa, 1990” ; Countess, 1990 xe “Countess, 1990” ; Hanson and Novakov, 1990 xe “Hanson and Novakov, 1990” ; Hering et al., 1990 xe “Hering et al., 1990” ; Lawson and Hering, 1990 xe “Lawson and Hering, 1990” ; McMurry and Hansen, 1990 xe “McMurry and Hansen, 1990” ; Turpin et al., 1990 xe “Turpin et al., 1990” , 1997 xe “Turpin et al., 1997” ; Ruoss et al., 1991 xe “Ruoss et al., 1991” ; Horvath, 1993 xe “Horvath, 1993” , 1997 xe “Horvath, 1997” ; Petzold and Niessner, 1995a xe “Petzold and Niessner, 1995a” , 1995b xe “Petzold and Niessner, 1995b” ; Hitzenberger et al., 1996 xe “Hitzenberger et al., 1996” , 1999 xe “Hitzenberger et al., 1999” ; Huffman, 1996 xe “Huffman, 1996” ; Guillemin et al., 1997 xe “Guillemin et al., 1997” ; Birch, 1998 xe “Birch, 1998” ; Reid et al., 1998 xe “Reid et al., 1998” ; Allen et al., 1999 xe “Allen et al., 1999” ; Lavanchy et al., 1999 xe “Lavanchy et al., 1999” ; Babich et al., 2000 xe “Babich et al., 2000” ; Tohno and Hitzenberger, 2000 xe “Tohno and Hitzenberger, 2000” ; Chow et al., 2001 xe “Chow et al., 2001” ; Moosmüller et al., 2001 xe “Moosmüller et al., 2001” ; Schmid et al., 2001 xe “Schmid et al., 2001” ; Arnott et al., 2002 xe “Arnott et al., 2002” ; Currie et al., 2002 xe “Currie et al., 2002” ; Watson and Chow, 2002; Fung et al., 2002 XE "Fung et al., 2002" 

 xe “Watson and Chow, 2002 fresno carbon” ). 

Methods need to be documented with respect to: 1) combustion atmospheres; 2) temperature ramping rates; 3) temperature plateaus; 4) residence time at each plateau; 5) optical monitoring configuration and wavelength; 6) standardization; 7) sample aliquot and size; 8) evolved carbon detection method; 9) carrier gas flow through or across the sample; and 10) location of the temperature monitor relative to the sample.  These differences are not completely documented in the published descriptions, although they may make a difference in the comparability of the measured carbon fractions.  These methods need to be implemented on a small set of collocated laboratory instruments that can be calibrated with the same standards, use the same gases, and that have demonstrated cross-comparability.  They then need to be applied to laboratory generated samples as described above and ambient samples to determine which variables of the protocol and instrument affect the definition and comparability of the defined carbon fractions.  Thermal and optical outputs need to be examined in detail to determine the causes of discrepancies for different types of samples.

Thermal evolution temperatures are not optimized to bracket composition

The temperature steps used in current analyses were selected to minimize pyrolysis by evaporating the more volatile components before pyrolysis set in.  They were also selected to minimize analysis time.  As more becomes known about the organic compounds found in ambient air, thermal evolution temperatures could be adjusted to better bracket groups of organic compounds that might have similar behaviors or correspond to emission sources.  

A tabulation is needed of all carbon-containing compounds identified in suspended particulate from the earlier of Went (1960 XE "Went, 1960" ), Schuetzle et al. (1973 XE "Schuetzle et al., 1973" ), and Cronn et al. (1977 XE "Cronn et al., 1977" ) through the most recent findings of Schauer et al. (2002 XE "Schauer et al., 2002" ), Simoneit (2002 XE "Simoneit, 2002" ) and McDonald et al. (2003 XE "McDonald et al., 2003 WoodburningJAWMA" ).  Several of these species are included in the list being compiled by the Organic Aerosol Working Group chaired by JoEllen Lewtas.  This tabulation should include, at a minimum and where data are available, compound names, ranges of atmospheric concentrations, vapor pressures, vaporization and/or decomposition temperatures, indices of refraction, approximate abundances in primary source emissions, a measurement method code (related to a more detailed method description), and citations to where the compound has been measured.  Saxena and Hildemann (1996 XE "Saxena and Hildemann, 1996" ) provide a starting point for the solubility and potential hygroscopicity of polar organic compounds, but this needs to be much more comprehensive.  This information is not currently compiled in a single location such as the Handbook of Chemistry and Physics, JANAF Thermochemical Tables, or the International Critical Tables.    Particulate and semi-volatile compounds should be included in this tabulation and review.  The volatilization and decomposition information could provide a first estimation of temperature fractions that bracket groups of compounds better than the currently used temperature steps.

Carbonates are not present in most ambient samples, and evolve at >800 °C if they are present

Chow and Watson (2002a xe “Chow and Watson, 2002a carbonate” ) demonstrate that CC is an uncommon interferent in non-urban IMPROVE samples and that it does not evolve at <800 °C in these samples.  Calcium carbonates decompose to solid CaO and gaseous CO2 at high temperatures, but reaction temperatures vary according to the chemical form of the carbonate, catalytic influences of other materials, the size of granules being combusted, the rate of heating, and the atmosphere surrounding the material being heated (Webb and Kruger, 1970 XE "Webb and Kruger, 1970" ).  Aragonite transforms to calcite at temperatures of 400 to 550 °C (Faust, 1950 XE "Faust, 1950" ).  Webb and Kruger (1970 XE "Webb and Kruger, 1970" ) found the onset of calcite transformations to vary from 860 to 1,010 °C.  Material Safety Data Sheets report decomposition temperatures of 825 °C for laboratory reagent CaCO3 (J.T. Baker, Phillipsburg, NJ) and 900 °C for industrial CaCO3 (Ash Grove Cement, Overland Park, KS).  Dolomite crystals decompose at two temperatures, first at ~735 to 790 °C corresponding to the MgCO3 molecule, and then at ~870 to 940 °C corresponding to the CaCO3 molecule.  Murray et al. (1951 XE "Murray et al., 1951" ) report changes in decomposition temperature for dolomite in contact with different salts, ranging from 500 °C in contact with NaF to 775 °C in the presence of Al2(SO4)3.  

More recent information on the properties of CC, and their possible presence in ambient samples, needs to be evaluated.   Different carbonate salts should be ground (in a ball mill or shatterbox) to sizes typical of suspended particles, sampled in uniform deposits onto filters, and analyzed by thermal methods, by themselves, and in contact with other materials to determine the temperatures at which they are likely to evolve in ambient samples.

Chemical and Physical Interactions of Carbon with Other Constitutents

Catalytic Reactions

EC evolves faster when collected on glass fiber filters or when mixed with sodium chloride (Lin and Friendlander, 1988a, 1988b, 1988c).  An aerosol collected on a glass fiber filter will show less EC, depending on the protocol, than the same aerosol collected on a quartz fiber filter.  Other salts may have similar catalytic effects that can be quantified  with modifications of the methods of Lin and Friedlander (1988b).

Oxidation Interactions

Fung (1990) uses manganese dioxide as an oxidizing agent instead of adding oxygen to the He atmosphere.  He shows that there is also some oxidation of EC in the presence of this mineral, but that the rate increases exponentially with increasing temperature above 800 °C.  Other mineral oxides might supply oxygen during the non-oxidizing step, thereby decreasing the amount of EC determined by certain protocols when they are present.  Systematic tests are needed with common oxides of iron, calcium, aluminum, titanium, etc. that are commonly found in soils, and, that are sampled simultaneously and in contact with carbonaceous material on a typical ambient filter.  Arrhenius curves similar to those of Fung (1990) should be available for all of these common compounds to understand the potential magnitudes of these differences for different mixtures that might occur in an ambient sample.   

Optical Interactions

Particles change when they are extracted from the air onto a filter.  Depending on size and filter permeability, particles deposit on the surface as well as inside the filter.  Some of the material evaporates rapidly or slowly depending on how the filter is handled and stored between sampling and analysis.  As noted above, quartz-fiber filters used for thermal carbon analysis absorb some organic vapors throughout their thickness that are often interpreted as OC by thermal methods, and possibly as a portion of EC when the material is pyrolyzed.  Horvath (1993, 1997 XE "Horvath, 1993" 

 XE "Horvath, 1997" ) shows how light transmission through a filter varies depending on the filter loading, the presence or absence of light scattering particles, and location of particles within a filter.  Fuller et al. (1999 XE "Fuller et al., 1999" ) hypothesized that differences among estimates for soot extinction efficiencies are due to: 1) differences in soot morphologies, 2) mischaracterization of the soot refractive index, 3) inaccurate densities, and 4) wavelength dependence. Efficiencies >10 m2/g, exceeding 25 m2/g under some situations, were estimated for soot imbedded in a sulfate (SO42–) particle.  Efficiency decreased as the EC fraction in the particle increased, implying that a lower EC concentration may yield a higher contribution to light absorption under some circumstances.  Efficiencies decreased by nearly an order of magnitude as an EC core at the center of a concentric sphere migrated through the sphere to its surface.  Martins et al. (1998 xe “Martins et al., 1998” ) found similar results, with maximum soot absorption efficiencies approaching 30 m2/g when the carbon constituted 0.5% of a 0.5 µm diameter particle. 

Several models of varying complexity can be applied to simulate how optical properties of the same particles might differ between their suspension in air, their deposition on different types of filters, and during a thermal/optical carbon analysis (Barber and Hill, 1990; XE "Barber and Hill, 1990"  Borghese et al., 2003; Sorensen, 2001 XE "Sorensen, 2001" ).   A simple model (Gorbunov et al., 2002) can be applied to examine solid layers of different indices of refraction to simulate material deposited on the surface of and throughout different filter media.  Parametric studies using this model will systematically vary with: 1) real and imaginary components of the refraction index to determine how reflectance and transmittance change with different aerosol mixtures and changing composition during thermal analysis; 2) location of a deposit within different parts of the filter to determine how transmittance and reflectance might change as adsorbed gases pyrolyze and how particle penetration within the filter affect the optical pyrolysis correction; 3) dependence of transmission and reflectance on wavelength of the incident light; 4) changes in reflectance and transmission as a function of filter loading; and 5) non-absorbing layers on top of and interspersed with absorbing layers.  Parametric studies of concentric spheres can be modeled when they are in the air and when they are imbedded in a refractive medium such as a quartz-fiber filter.  This will provide a more realistic description of how absorption efficiencies will change as an organic or inorganic shell around a carbon core evaporates or pyrolizes at different temperatures.  Dipole and fractal models can better represent deviations from the assumption of spherical particles.  Fresh emissions are often long-chain aggregates of many smaller particles in close proximity, and multiple scattering is expected.  These may change shape during heating, with a consequent change in absorption efficiency.  

Filter Sample Carbon Analysis Applications

Visibility and Radiation Balance

As noted, the optical properties of the suspended particles are substantially changed after collection on a substrate and during thermal/optical analysis.  In situ methods that directly measure light scattering (e.g., nephelomters) and absorption (e.g., photacoustic spectrometers) are needed for these purposes.  Nevertheless,  Thermal and optical carbon fraction measurements are indirect measures of the radiative properties, but they are necessary for other purposes described below and will be an integral part of chemically speciated PM networks. 

Source Attribution

Thermal evolution methods have long been used to identify and quantify organic and inorganic compounds and source materials (Mackenzie, 1970).   More specific detectors than the FID can provide more specific information that might be related to sources (Jeon et al., 2001).  At the very least, more specific temperatures that bracket groups of compounds, as described above, might better relate receptor concentrations to sources if they are consistently measured on each type of sample. 

Health Effects

Diesel exhaust has been implicated for adverse health effects (Lloyd and Cackette, 2001), with the tacit assumption that most of this is composed of EC, or that most of the measured EC is dominated by diesel emissions.  Thermal and optical EC measurements do not quantify the aerosol properties that are most likely to cause these health effects.  EC comes from sources other than diesel, mostly incomplete combustion.  More specific chemical and physical properties need to be defined by health researchers before developing methods to measure these properties.

Chemical and Physical Models

EC is thought to be a major play in the oxidation of sulfur dioxide to sulfate.  SO2 is adsorbed onto the EC where it remains in the atmosphere to be oxidized.  Since the sulfate is soluble, and wouldn’t otherwise exist without the EC core, a hydrophobic EC particle may become an active nucleus for water condensation.  EC may also be the major adsorber of otherwise gaseous organic compounds such as many polycyclic aromatic hydrocarbons.  It is doubtful that current thermal/optical methods adequately characterizing EC properties that facilitate these and other processes. 
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