 Question #7:

What current sampling and measurement technologies are available to measure these marker components (i.e. of secondary aerosol)?  How can these be practically applied at remote locations in pristine environments? (Barbara Zielinska)

1. Sampling 
Organic species are the most numerous class of chemicals, and in the atmosphere each individual compound is generally present as a small proportion of the total amount of organic carbon. In remote locations, where particle concentrations are low, a long sampling time may be necessary, on the order of days, to collect enough sample to satisfy the detection limits of analytical methods.  The long sampling time may increase sampling artifacts and limit the information concerning temporal resolution.
1.1 Filter Sampling

At present the most commonly used method is filter collection of ambient aerosol, followed by laboratory analyses.  Since organic compounds, including secondary organics, are associated with fine particles (i.e. below 2.5 (m aerodynamic diameter), the use of an appropriate cut-off inlet is necessary.  From the point of view of a sample size, a cyclone, which allows for higher sampling flow, would be recommended.  

The selection of a filter depends on the type of analysis that will be run on the sample later.  For thermal carbon analysis, a quartz fiber filter is appropriate, since it withstands temperatures up to 1000 (C.  It can also be extracted with organic solvents for further organic compounds speciation.  Both analyses require pre-firing the filter, to clean it of organic impurities.  However, due to the large specific surface area, a quartz filter is prone to positive sampling artifact, i.e. adsorption of organic gases during sample collection.  

Teflon membrane filters have much smaller exposed surface area and are thought not to adsorb organic gases, but they are not thermally stable and not easy to use for extraction.  They cannot be easily pre-cleaned before use, so they may contribute some organic impurities.  Teflon-coated glass fiber filters (TIGF) are not stable enough in high temperatures to be use for carbon analyses, but they are an excellent choice for the collection of samples to be used for organic solvent extraction. They can be easy pre-cleaned by extraction with solvents, they are easy to work with (in contrast to quartz filters), are available in many different sizes and types (including filters with improved efficiency for sub-micron particles), and are inexpensive.  The effectiveness of Teflon coating in reducing adsorption has not been studied; however, our data indicate that the adsorption is not significant for these types of filters.  

Figure 1 shows the comparison of polycylic aromatic hydrocarbons (PAH) concentrations in diluted (~30 times, using the DRI dilution tunnel) light duty diesel exhaust, collected using a XAD-coated annular denuder (Gundel et al., 1995) and a Teflon-coated glass fiber filter (TIGF, T60A20) backed by a PUF/XAD/PUF “sandwich” cartridge.  The filter samples from the denuder and filter/PUF/XAD/PUF sampler are compared (B.Zielinska, unpublished results).  The PAH quantified ranged from naphthalene (present entirely in the gas phase) to coronene (adsorbed on particles); see Table 1 for the explanation of mnemonics (methyl-, dimethyl-, and trimethyl-isomers are combined for clarity of presentation).  Figure 1 shows a relatively good agreement between denuded and undenuded filter samples, with the denuded filter sample being usually higher than the undenuded sample. This indicates that volatilization during sample collection (blow-off, negative artifact) is probably more important than filter adsorption for the sample collected on Teflon-coated glass fiber filters. 

To account for positive artifact when samples are collected on quartz fiber filters, the second quartz filter is placed behind the first (i.e. QQ combination), or a second sampling port is added containing a Teflon filter followed by a quartz filter (i.e. Q and TQ combination) (McDow and Huntzicker, 1990; Turpin et al., 1994).  Since the Teflon filter is thought not to adsorb vapor phase organics, it would trap particles and allow vapors to pass through to the back-up quartz filter. The Q filter alone in the other sampling port would receive both particle and vapor phase material.  Thus, a measure of organic carbon (OC) just from particles is found by subtracting the OC present on the back-up Q from that on the single Q.  However, it has to be emphasized that this method does not correct for volatilization artifact, which can be substantial in pristine areas with significant secondary aerosol fraction. Literature estimates of artifact contributions to OC mass measurements range from –80% for volatilization-induced bias to +50% for adsorption-induced bias (Turpin et al., 2000).

The other artifacts associated with filter sampling include chemical changes of some of the more reactive organic compounds during prolonged sampling (such as reactions with ozone or nitrogen dioxide in the presence of nitric acid) and contaminations due to the insufficient filter cleaning before sampling or a filter contact with contaminated sampling equipment.

However, despite these disadvantages, this method is capable of providing the most detailed information concerning the secondary organic aerosol, if it is combined with detailed chemical speciation.

1.2 Size Segregated Sampling 

Impactors can be used to obtain size-segregated samples of organic aerosol, however due to the small sample sizes, their application to the detailed chemical speciation of organic aerosol is still limited. Particles collected in impactors are usually subjected to smaller pressure drops than filter-collected samples, resulting in lower losses due to volatilization.  Particle bouncing may be a problem, especially at low humidity, since organic analysis excludes the use of grease. 

A Micro-Orifice Uniform Deposit Impactor (MOUDI) has a sampling rate of 30 L/min. Samples can be collected on substrates such as aluminum foil, which does not adsorb organic gases, and can be analyzed for total carbon by the thermal-optical methods.  The information concerning OC/EC split can be also obtained; however, since no optical correction for pyrolysis can be applied, the split is approximate only. This may be more important for ambient samples with higher fraction of secondary organic aerosol than for source samples, since secondary organics tend to be more polar, thus more prone to pyrolysis.  The aluminum foil can be extracted and analyzed for selected organic compounds, but the generally low sample mass may preclude detailed organic speciation.  However, in our experience, the low sample mass is in part compensated by the very low background of pre-cleaned aluminum foil.  This allows the concentration of the extract to a very low final volume (~ 20 ul), thus allowing for higher analytical sensitivity. 
1.3 Denuder Sampling

 
The denuder strips the gas-phase species from the air stream by diffusion to an adsorbent surface (e.g. activated carbon, XAD resins, etc.) before collection of the particles on a filter.  Since the removal of gas-phase organics disturbs the gas-particle equilibrium and drives the volatilization of the particulate material from the filter, an adsorbent bed (such as polyurethane foam, XAD resins, etc) should be used downstream of the filter to capture any particle-phase organics volatilized from the filter.  The denuder technique is not really straightforward; the selection of the correct denuder type, its dimensions, flow rate, etc., greatly influence the results and incorrect conclusions could be drawn if the user is not familiar with the denuder technique.  

To obtain meaningful data from the denuder sampling, the collection efficiency of the denuder should be either 100% or be accurately known for the species to be measured under variety of ambient conditions. Denuder collection efficiency depends on the denuder surface area (+), the diffusivity (+) and vapor pressure (-) of the compound, the temperature (-) and flow rate (-) of the air stream, and the presence of competing species, including water vapor (Kamens and Coe, 1997; Lane et al., 1988). (The + and – indicates the effect of increasing each parameter on efficiency). It has been shown (R. Rasmussen, private communication) that the efficiency of activated charcoal denuders is greatly influenced by ambient humidity. 

In order to increase the collection efficiency of the denuder, the PC-BOSS was developed by Eatough and co-workers (1999), which uses a virtual impactor upstream of the denuder that removes a majority of the gases and particles smaller than 0.1 (m from the aerosol flow.  The disadvantage of this system is that the gas-particle distribution is changed even before the aerosol enters the denuder.  In addition, particulate OC estimates have to be corrected for particle losses in the inlet of 46 to 48%.

In summary, although size-selective and denuder sampling methods are certainly very useful for investigating the property of organic aerosol, a filter sampling method is presently the main method for ambient PM sample collection, due to its simplicity, relatively low cost and a large sample size.  To account for semi-volatile organic compounds (SVOC), the filter is often followed by a solid adsorbent, such as PUF plugs, XAD resins, or ”sandwich” type PUF/XAD/PUF cartridges. 

2. Analyses

A variety of methods are used to characterize organic carbon in atmospheric PM samples.  The methods may be divided into “total” methods that characterize only certain properties of organic PM (such as organic carbon content, functional groups, isotope ratios, etc) and molecular-level methods that characterize individual organic compounds  
2.1 “Total” Analyses 

2.1.1 Thermal/Optical Carbon Analysis 

Thermal/optical carbon analysis allows for measuring and separating total amount of organic and elemental carbon (OC/EC). The basis of this technique is that organic carbon is volatilized from a sample (collected on quartz filter) when heated without oxygen, whereas oxygen is required for elemental carbon combustion (Johnson et al., 1981; Chow at al., 1993).  There are several methods and protocols for conducting these analyses, which can differ in their OC/EC split designation.  It is important to realize that the definition of OC and EC is operational only and it is tied to the method of carbon measurement (TOT, TOR, NIOSH 5040, see Chow et al, 2001, for the method comparison) and do not necessary correspond to a physical meaning of “organic” or “elemental” carbon.  For obtaining the estimation of organic compound mass concentration, the OC concentration is generally multiplied by values ranging from 1.2 to approximately 1.8 to account for hydrogen, oxygen and other elements that constitute organic molecules.  However, this factor itself is a source of uncertainty, since it depends on organic compound composition, which may be different in different locations.  In remote locations, the higher contribution of secondary organic aerosol, which contains higher proportion of oxygenated (oxidized) compounds, would result in a higher average molecular weight per carbon weight ratio.  Turpin et al. (2000) suggest that a ratio 1.9 –2.3 is more accurate for aged aerosol, 2.2 – 2.6 for an aerosol heavily impacted by wood smoke and 3.2 for “water soluble” organic PM.

Although thermal/optical carbon analysis is a useful method in combination with other measurements, it provides very little insight into the types of sources of the organic compounds present.

2.1.2 Spectroscopic Methods 

Fourier transform infrared (FTIR), Raman, nuclear magnetic resonance (NMR) and other spectroscopic methods provide functional group and bond information. FTIR spectra can be obtained directly from ZnSe impactor substrates, without extraction.  Blando et al. (1998) used sequential rinsing of ZnSe impactor substrates with hexane (to remove non-polar organics), then acetone (to remove polar organic) and finally water (to remove inorganic salt).  This method has been used to determine the polarity of various organic functional groups in the sample.  The method does not provide quantitative information, or the information concerning individual compounds.    

2.2 Molecular Level Methods

Organic compound speciation provides the most valuable information about organic aerosol composition, sources, and atmospheric transformation processes.   Presently it is not possible to completely resolve all organic carbon mass into concentrations of specific organic compounds and no single analytical technique is capable of analyzing the entire range of organics.  The molecular level methods usually require extraction of a sample with organic solvent(s), followed by analysis by gas chromatography/mass spectrometry (GC/MS), GC/FTIR/MS, GC with various detectors, HPLC/MS and other methods. 

2.2.1 GC/MS, GC/FTIR/MS

The most widely used analysis method for complex mixtures of organic compounds is high-resolution capillary gas chromatography with mass spectrometric detection (GC/MS). Sequential extraction with solvents of increasing polarity and liquid chromatographic separation are frequently used prior to GC/MS analysis to simplify the complex organic mixtures. However, GC/MS methods have typically resolved only 10-15% of the organic mass into specific compounds (Turpin et al., 2000).  This is because high-molecular organics (>C40) and highly polar compounds (especially multifunctional) do not elute through a GC column. Polar organic compounds require derivatization prior to analysis, to convert them into less polar and more volatile derivatives that will elute through a GC column.  However, the derivatization techniques are compound-class specific and thus several different methods may be required for a comprehensive analysis of one ambient sample.  The derivatization reagent by-products, the complexity of derivatization products, lack of standards, and limited mass spectral libraries makes these analyses difficult and time consuming. 

The most widely used derivatization methods include silylation (replacement of active hydrogen atom in -COOH or -OH functional groups with trimethylsilyl group) and methylation (for example, with diazomethane for mono- and dicarboxylic acids). For ketoacids, dicarbonyls, and hydroxyacids, conversion of carbonyl groups to dibutoxy acetal (Kawamura et al., 1996) and two step derivatization technique with O-(2,3,4,5,6-pentafluorobeznyl) hydroxy amine (PFBHA), followed by silylation with BSTFA (Yu et al, 1998) have been used.  This last method utilizes PFBHA reaction with carbonyl group to form oxime derivatives, thus preventing enol formation from carbonyls, since the enol could react with BSTFA and complicate data interpretation.

Since the derivatization methods are currently the main tool for polar compound analysis, research is needed to simplify and standardize the derivatization procedures. There is a need for better and more universal derivatization reagents and less laborious procedures.  For example, on-line, inlet based trimethylsilyl derivatization procedure for GC analysis of mono- and dicarboxylic acids has been proposed (Docherty and Ziemann, 2001).  This technique involves the co-injection of analyte and  BSTFA reagent, followed by a gas-phase derivatization reaction in the injection port of a GC/FID or GC/MS system.  Although the technique was tested for a limited number of compounds (only mono- and dicarboxylic acids), this is certainly a step in a right direction.

The combined GC/FTIR/MS technique offers the advantage of additional information from the FTIR spectrum, complementary to mass spectrum information, and helpful in identification of individual components, especially isomers; often these compounds have very similar mass spectra, but unique IR spectra. 
2.2.2 High-Performance Liquid Chromatography (HPLC)

HPLC coupled with a mass spectrometer or a photodiode array detector seems to be especially suitable for the analysis of polar organic compounds. Aqueous solutions can be injected into reverse-phase columns, and polar compounds do not need a derivatization step in order to elute from most of the LC columns.  However, compared with GC and GC/MS, HPLC has seldom been used for the study of organic aerosol (Jacobsen et al., 2000).  This is probably because LC columns offer less resolving power than GC columns and are usually designed for a narrower compound class.  In addition, although several LC/MS systems are commercially available, they are not necessary optimized for atmospheric research.  From the two types of interfaces available between LC and MS, electrospray and particle beam, the particle beam seems to be more promising.  Further development of separation methods and mass spectral libraries is also needed.

2.2.3 Novel Analytical Approaches

Several new and promising methods have recently been proposed for a molecular-level organic aerosol characterization.  Neususs and co-workers (2000) used flash evaporation by Curie point pyrolysis coupled with GC/MS  (CPP-GC/MS) for direct analysis of atmospheric semi-volatile organic compounds. The advantage of this method is that only a few micrograms of sample is needed (thus it could be used with size-segregated sampling) and no sample preparation is necessary.  The disadvantage is that very polar compounds may either not elute from a GC column, or be destroyed during a flash evaporation process.

To compensate for this, the same authors (Neususs et al., 2000) proposed to use a complementary method, capillary electrophoresis (CE) for analysis of dicarboxylic and hydroxy dicarboxylic acids, as well as the common inorganic ions and methanesulfonate.  In CE, ions are separated in a strong electric field, because of their different electrophoretic mobilities.  The advantage of this method over ion chromatography and GC or HPLC is that inorganic and organic ions can be analyzed in a single run.  Also, the separation efficiency is higher than in LC and the required sample amount is very low.

Thermal desorption particle beam mass spectrometry has been recently developed and used for identification of secondary organic aerosol products formed in an environmental chamber (Tobias and Ziemann, 2000).  In this method, a number of particles were trapped on a cold stage and slowly heated, to separate compounds according to their volatility.  This method have a great potential for organic compounds identification formed in controlled laboratory experiments, but it does not have sufficient resolving power to identify and quantify, compound by compound, organic complex mixtures of atmospheric aerosol.

3. In situ analysis techniques

3.1 Continuous OC/EC measurements

An automated carbon analyzer with1 hour resolution time is now commercially available from Sunset Laboratory, Inc.  It could be easy deployed in the field; it offers laser-based optical correction capabilities and comparability to NIOSH 5040 Method.   However, since it uses a quartz filter as a substrate, it does not resolve the problem of positive/negative filter artifacts.  An automated, continuous carbon analyzer with OC/EC capabilities that does not use any filter as a substrate would be a solution to this problem.

3.2 Single Particle Mass Spectrometry

Single particle mass spectrometry is a promising technique for a real time characterization of individual particles.  Although there are some differences between various instruments, the principle of operation is to fragment each particle into positive and/or negative ions using either a high-power laser or a heated surface and to measure the ions by a time-of-flight mass spectrometer (e.g. Thompson and Murphy, 1994; Johnston and Wexler, 1995; Silva and Prather, 1997).  At present, quantitative determinations are difficult (or not possible) for this technique, and the instruments are generally more suitable for inorganic than organic species, but the future development of this technique could overcome these challenges.

References

Blando,J.D., Porcja,R.J., Li,T.H., Bowman,D., Lioy,P.J., and Turpin,B.J. (1998).  Secondary formation and the Smokey Mountain organic aerosol:  An examination of aerosol polarity and functional group composition during SEAVS.  Environ. Sci. Technol.  604-613.

Chow, J.C., Watson, J.G., Pritchett, L.C., Pierson, W.R., Frazier, C.A. and Purcell, R.G. (1993).  The DRI Thermal/Optical Reflectance Carbon Analysis System: Description, Evaluation and Applications in U.S. Air Quality Studies. Atmos. Environ., 27A, 1185-1201.

Chow, J.C., Watson, J.G., Crow, D., Lowenthal, D.H., and Merrifield, T. (2001) Comparison of IMPROVE and NIOSH carbon measurements. Aerosol Sci. Technol., 34, 23-34.
Docherty, K. S., and Ziemann, P. J. (2001):  On-line, inlet-based trimethylsilyl derivatization for gas chromatography of mono-and dicarboxylic acids.  Journal of Chromatography A, 921, 265-275

Eatough, D.J, Obeidi,F., Pang, Y., Ding, Y., Eatough, N.L., Wilson, W.E., (1999).  Integrated and real-time diffusion denuder sampler for PM2.5. Atmos. Environ., 33, 2835-2844

Gundel, L.A., V.C. Lee, K.R.R. Mahanama, R.K. Stevens, and J.M. Daisey (1995).  Direct Determination of the Phase Distributions of Semi-Volatile Polycyclic Aromatic Hydrocarbons Using Annular Denuders.  Atmos. Environ., 29. 1719-1733.

Jacobson,M.C., Hansson,H.C., Noon,K.J., and Charlson,R.J. (2000).  Organic atmospheric aerosols: Review and state of the science.  Rev. Geophys.  38, 267-294.

Johnson, R.L., J.J. Shah, R.A. Cary, and J.J. Huntzicker (1981).  An automated thermal-optical method for the analysis of carbonaceous aerosol.  In Chemical Composition of Atmospheric Aerosols:  Source/Air Quality Relationships, E.S. Macias and P.K. Hopke, eds.  American Chemical Society, Washington, DC.

Johnston, M.V. and Wexler, A.S. (1995). MS of individual aerosol particles. Analytical Chemistry 67, 721A-726A

Kamens, R.M, , Coe,D.L., (1997).  A large gas-phase stripping device to investigate rates of PAH evaporation from airborne diesel soot particles. . Environ. Sci. Technol., 31, 1830-1833.

Kawamura,K., Kasukabe,H., and Barrie,L.A. (1996).  Source and reaction pathways of dicarboxylic acids, ketoacids and dicarbonyls in Arctic aerosols:  One year of observations.  Atmos. Environ.  30, 1709.

Lane,D.A., Johnson,N.D., Barton, S.C., Thomas G.,H.S., Schroeder,W.H.,(1988).  Development and evaluation of a novel gas and particulate sampler for semivolatile chlorinated organic compounds in ambient air.  Environ. Sci. Technol.  22, 941-947.

McDow,S.R. and Huntzicker,J.J. (1990).  Vapor adsorption artifact in the sampling of organic aerosol: face velocity effects.  Atmos. Environ.  24A, 2563-2571.  

Neusüss, C., Pelzing, M., Plewka, A., and Herrmann, H. (2000):  A new analytical approach for size-resolved speciation of organic compounds in atmospheric aerosol particles: Methods and first results.  Journal of Geophysical Research, 105, 4513-4527

Silva, P.J. and Prather, K.A. (1997). On-line characterization of individual particles from automobile emissions. Environ. Sci. Technol., 31, 3074-3080

Thompson, D.S. and Murphy, D.M.(1994). Analyzing single aerosol particles in real time. CHEMTECH, 24, 30-35

Tobias,H.J. and Ziemann,P.J. (2000).  Thermal desorption mass spectrometric analysis of organic aerosol formed from reactions of 1-tetradecene and O3 in the presence of alcohols and carboxylic acids.  Environ. Sci. Technol.  34, 2105-2115.

Turpin,B.J., Saxena,P., and Andrews,E. (2000).  Measuring and simulating particulate organics in the atmosphere: Problems and prospects.  Atmos. Environ.  34, 2983-3013.

Turpin,B.J., Hering, S.V., and Huntzicker,J.J. (1994).  Investigation of organic aerosol sampling artifact in the Los Angeles Basin..  Atmos. Environ.  28, 3061-3071.

Yu, J., Flangan, R. C., Seinfeld, J. H. (1998):  Indentification of Products Containing -COOH, -OH, and –C=O in Atmospheric Oxidation of Hydrocarbons.  Environ. Sci. Technol., 32, 2357-2371.

Table 1. PAH listed in Figure 1

	Mnemonic
	PAH

	naphth
	Naphthalene

	mnaph
	Methylnaphthalenes (2 isomers)

	biphen
	Biphenyl

	dmenaph
	Dimethylnaphthalene (6 isomers)

	mebiph
	Methylbiphenyls (3 isomers)

	tmenaph
	Trimethylnaphthalenes (12 isomers)

	acnapy
	Acenaphthylene

	acnape
	Acenaphthene

	fluore
	Fluorene

	phenan
	Phenanthrene

	meflu
	Methylfluorenes (3 isomers)

	xanone
	Xanthone

	acquone
	Acenaphthenequinone

	mephen
	Methylphenanthrene (5 isomers)

	anrquone
	Anthraquinone

	dmephen
	Dimethylphenanthrene (7 isomers)

	anthra
	Anthracene

	fluora
	Fluoranthene

	pyrene
	Pyrene

	bntiop
	Benzonaphthothiophene

	mefl/py
	MePyrene/MeFluoranthene (6 isomers)

	bzcphen
	Benzo(c)phenanthrene

	baanth
	Benz(a)anthracene

	chrysn
	Chrysene

	bzantone
	Benzanthrone

	baa7_12
	Benz(a)anthracene-7,12-dione

	chry56m
	5+6-methylchrysene

	bbjkfl
	Benzo(b+j+k)fluoranthe

	bepyrn
	BeP

	peryle
	Perylene

	bapyrn
	BaP

	incdpy
	Indeno[123-cd]pyrene

	bghipe
	Benzo(ghi)perylene

	dbanth
	Dibenz(ah+ac)anthracene

	corone
	Coronene
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Figure 1.  Comparison of PAH concentrations in diluted diesel exhaust collected on denuded and undenuded Teflon-coated glass fiber filters (see Table 1 for the explanation of mnemonics)
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