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Updates 

Last time: 
•  Particle filtration and stand-alone air cleaners 

Today: 
•  SVOCs 
•  Aerosol sampling techniques 

Take home-exam released today 
•  Due Tuesday November 10 
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Revisiting the question about final paper/presentation 

•  Our final presentations are scheduled for Tuesday night, 
December 8, 5-7 PM 

•  I have to be in Washington, DC on December 8-9 

•  We have a few options: 
1.  Reschedule our presentations and keep them as 25% of your grade 

•  The week before (canceling a class and presenting December 1) 
•  During exam week (perhaps Monday) 

2.  Cancel our presentations and count only the final paper 
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Indoor environment: Mass balance 
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SEMI-VOLATILE ORGANIC 
COMPOUNDS 
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What are semi-volatile organic compounds? 

•  Semi-volatile organic compounds (SVOCs) are organic molecules that 
can have meaningful abundances in both the gas phase and condensed 
(particle) phases 
–  Sometimes called particulate organic matter (POM) 
–  Compounds with boiling points from 240 to 400°C 
–  Compounds with saturation vapor pressures from 10-2 to 10-7 kPa 

•  SVOCs are generally under-studied relative to VOCs and aerosols 
–  Doesn’t mean they’re not important à largely due to analytical limitations 

•  We’ve already touched on some of these 
–  e.g., polycyclic aromatic hydrocarbons (PAHs) originating from combustion 

•  SVOCs also occur as active ingredients in pesticides, cleaning agents, 
and personal care products  
–  And as major additives in materials such as floor coverings, furnishings, and 

electronics components 
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Weschler and Nazaroff, 2008 Atmospheric Environment 

Generally: as pvap,sat ↑ BP ↓ à More likely to be in gas phase than solid phase 



What are semi-volatile organic compounds? 

•  Most SVOCs have a slow rate of release from sources 

•  Exposures can occur via inhalation 
–  Both gases and SVOCs adsorbed onto particles 

•  Exposures can also occur via dermal and ingestion pathways 

•  Some are known to be toxic 
–  Dioxins, benzo[a]pyrene, pentachlorophenol 

•  Many have been removed from production over the years 

•  Others have emerging indicators of concern 
–  More than 100 SVOCs have been found in the US population’s blood in large 

biomonitoring studies 
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Some SVOCs of emerging concern 

•  Phthalate esters (BBzP, DEHP) (often used as plasticizers) 
–  Allergic symptoms in children 
–  Slowed male reproductive development 
–  Altered semen quality 

•  Perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) 
–  Was a key ingredient in Scotchgard 
–  Low birth weight, chronic kidney disease 

•  Polychlorinated biphenyl (PCBs), brominated flame retardants (BFRs), 
di-2-ethylhexyl phthalate (DEHP), bisphenol A, and some pesticides 
–  Have been linked to endocrine disrupting (ED) activity 
–  SVOCs that have chemical structures similar to those of human hormones 

and can either mimic or block endocrine (hormonal) activity 
–  EDs may be important contributors to neurodevelopment and behavioral 

problems ranging from autism to attention deficit disorder 
•  Incomplete and sometimes controversial evidence 9 



SVOC classifications, sources, and potential health effects 
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Xu and Zhang 2011 ASHRAE Journal 



SVOC classifications, sources, and potential health effects 
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Semi-volatile organic compounds found indoors 
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Weschler and Nazaroff 2008 Atmos Environ 



Semi-volatile organic compounds found indoors 
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SVOC ‘partitioning’ 
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φ =
particle phase concentration

total gas + particle phase concentration
=

k ∗SAparticles

pvap,sat + k ∗SAparticles

ϕ = concentration of a compound in the particle phase relative to the 
total air concentration (gas + particle) [dimensionless] 
k = constant that depends on MW of compound 
SAparticles = aerosol surface area per volume [cm2/cm3] 
pvap,sat = saturation vapor pressure of compound (mm Hg) 

SVOCs can exist in both gas and particle phases 

Generally: as VP ↑ BP ↓ à More likely to be in gas phase than solid phase 

And: the more PM 
there is to adsorb/
partition on to, the 
more you’ll have in 
the particle phase 



Organic gases: VOCs 

•  VOCs, VVOCs, SVOCs, and POM are all categorized by 
their boiling points 
–  Lower molecular weight (and low boiling point) compounds are more 

likely in the gas-phase 
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SVOC ‘partitioning’ 
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Remember: as VP ↑ BP ↓ à More likely to be in gas phase than solid phase 

Kp =
F /TSP( )
cg

=
cp
cg

Kp = thermodynamic particle-gas partition coefficient [m3/µg] 
F = equilibrium particle phase concentration of a compound [ng/m3] 
TSP = concentration of total suspended particles [µg/m3] 
cg = equilibrium gas phase concentration (ng/m3) 
cp = concentration within the particle phase (ng/m3) 

F
cg
= Kp(TSP)

How do we get Kp? 

Weschler 2003 Atmos Environ 

We can also describe particle/gas partitioning as a function of the total 
aerosol mass concentration suspended in the air (TSP): 



SVOC ‘partitioning’ 

•  Ratio between organic compound’s particle phase concentration and its 
gas phase concentration: 
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F
cg
= Kp(TSP)

Kp = thermodynamic particle-gas partition coefficient [m3/µg] 
F = equilibrium particle concentration of a compound [ng/m3] 
TSP = concentration of total suspended particles [µg/m3] 
cg = equilibrium gas phase concentration (ng/m3) 

log(Kp) is higher for lower log(pvap,sat) 
 
Kp is therefore higher for lower pvap,sat 
 
Higher Kp means greater fraction F in 
the particle phase 
 
Lower vapor pressure more likely to be 
in solid phase… makes sense, right? 

Weschler 2003 Atmos Environ 



SVOC ‘partitioning’ 

•  Rule of thumb: higher MW compounds will have lower vapor pressures 
and thus be more likely to be in the particle phase (higher Kp, F, and cp) 
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Weschler 2003 Atmos Environ 



SVOCs in indoor environments 
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Weschler and Nazaroff 2008 Atmos Environ; Xu et al. 2009 Environ Sci Technol 

Mass balance. SVOCs emitted from indoor materials exist as: 
•  Gases 
•  Attached to particles 
•  Adsorbed to surfaces 



Predicted gas, particle, and surface concentrations of 
different SVOCs 
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Weschler 2003 Atmos Environ 



What are typical indoor SVOC concentrations? 
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Weschler and Nazaroff 2008 Atmos Environ 



What are typical indoor SVOC concentrations? 
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Weschler and Nazaroff 2008 Atmos Environ 



Indoor SVOC behavior 

23 
Xu and Little 2006 Environ Sci Technol 



Indoor SVOC behavior w/ different sample areas 
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Xu and Little 2006 Environ Sci Technol 



Indoor SVOC behavior w/ material/air partitioning 
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Xu and Little 2006 Environ Sci Technol 



Indoor SVOC behavior w/ surface area 
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Xu and Little 2006 Environ Sci Technol 



Indoor SVOC behavior w/ suspended particles 
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Xu and Little 2006 Environ Sci Technol 



Transdermal uptake of DEHP and DnBP 

28 
Weschler et al 2015 Environ Health Persp 



Transdermal uptake of DEHP and DnBP 
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Weschler et al 2015 Environ Health Persp 



Indoor and outdoor connections 

•  What do flame retardants in polar bears have to do with 
indoor air pollution?? 
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Muir et al., 2006 Environ Sci Technol 



Indoor and outdoor connections 
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Björklund et al., 2012 Environ Sci Technol 

For one of the first times we’re aware of, indoor air pollution in modern countries is 
linked strongly to outdoor air pollution in remote regions of the world! 
•   Potential effects go beyond human beings 



AEROSOL SAMPLING 
TECHNIQUES 
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Measuring particulate matter 

•  Sampling methods distinguish between: 
–  Particle counting 

•  No sizing 
–  Particle sizing 

•  Count + size information 
–  Particle mass 
–  Particle composition 

For biological particles:  
–  Viable and non-viable bioaerosols 
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Gravimetric (mass-based) particle sampling 

•  Particles have very low masses 
•  Need to collect many particles to have measureable mass 
•  Most mass-based techniques are integrated samples 

–  Sample onto filters at known airflow rate for known period of time 
–  Weigh filters before and after 
–  Calculate concentration 
–  Correct for RH 
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Gravimetric (mass-based) particle sampling 
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SKC PEM sampler 



Gravimetric particle sampling: Cascade impactor 
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Gravimetric particle sampling: Cascade impactor 
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Optical measurements 
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Extinction: 



Optical measurements: Mie/Rayleigh Theory for Scattering 
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Scattering of electromagnetic radiation 



Measuring particle “mass” optically 
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•  Photometers 
–  Typically relative instruments 
–  Sensitive to particle speed  

•  Nephelometer 
–  Measure scattering for aerosol sample (~ 1L) over wide 

range of angles (θ) 
•  Particle density is function of the light reflected into the detector  

–  Scattered light depends on properties of the particles such as their 
shape, color, and reflectivity 

–  Determines mass concentration much more accurately 
than photometer 

–  Often calibrated to single particle composition 



Condensation nuclei counter (CNC) 
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•  Subject aerosol stream to alcohol (or water) vapor 
•  Cool air stream to cause condensation 
•  Count particles with an optical particle counter 

•  Closely related to a condensation particle counter 
(CPC) 



Condensation nuclei counter (CNC) 
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Optical particle counter 

•  Similar to photometer, but particles are isolated 
–  May require dilution 

•  0.065 – 20 µm 
–  Practically 0.1 – 5 µm 

•  Some devices just count and don’t size 
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Optical particle counter 
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Aerodynamic particle sizer 

•  One of many time-of-flight instruments 
–  Two laser beams separated by known distance 
–  Particle is accelerated between beams 
–  Time between beams being broken is calibrated to a test aerosol 
–  Particles exiting the jet have a velocity related to their aerodynamic 

diameter (assume spherical particles and unit density) 

•  Measures 0.5 - 20 µm 
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Aerodynamic particle sizer 
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•  Small particles move at the air velocity 
•  Large particles lag air velocity 
•  Problems 

–  Small particles not-Stokesian 
–  Larger density is sized as a larger particle 
–  Shape also influences drag 
–  Multiple particles in sizing chamber (same as other devices) 



Particle mobility analyzer 

•  Particles entering the system are 
neutralized using a radioactive source 
–  Yields equilibrium charge distribution 

•  Particles then enter a Differential 
Mobility Analyzer (DMA) where the 
aerosol is classified according to 
electrical mobility 
–  Only particles of a narrow range of mobility 

exit through the output slit.  

•  This monodisperse distribution then 
goes to a Condensation Particle Counter 
which determines the particle 
concentration at that size 

•  Measures 0.001 – 1 µm  
–  0.002 – 0.4 µm most accurate 47 

Electrical mobility: 
Ability of charged 
particles to move 
through medium in 
response to electric field 
(inversely proportional 
to diameter) 



Particle mobility and charge distributions 
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Scanning Mobility Particle Sizer (SMPS) 
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1.  Electrostatic classifier (EC) 
2.  Differential mobility analyzer (DMA) 
3.  Condensation particle counter (CPC) 

1 

3 

2 



SMPS: EC and DMA 
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EC 
•  Kr-85 bipolar charger 
DMA 
•  2 laminar flows 

–  Sheath and aerosol 
•  2 concentric cylinders 

–  Center negative voltage 
–  Electric field 

•  Positive particles attracted  
     through sheath air 
•  Location depends on electrical mobility, flow rate, and geometry 

–  Cycles through different voltages to capture different size particles 



SMPS: CPC 

•  CPC interfaces with the EC and DMA 
to form the SMPS 

•  Particles are passed through a wick 
and grown with either water or butanol 

–  Aerosol stream saturated and temperature 
equilibrated 

–  Heterogeneous condensation on 
condensation nuclei (the particles) 

–  Grown to 2 to 3 micrometers 
–  Individual particles passed through light 

beam and scatter light onto a 
photodetector 
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Cost of particle sensors 

•  Relatively inexpensive  
–  Gravimetric for particle mass 
–  Light scattering for large particle mass 
–  Condensation nucleus counter (CNC) for counting small particles 
–  Cascade impactor for size-resolved mass 

•  Mid-range 
–  Optical particle counters 

•  Expensive 
–  Aerodynamic particle sizing for large particles 
–  Differential mobility analyzer for small particles 
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Other issues with particle measurements 

•  Sampling line losses 
–  Generally an issue for large (>1 µm) and small (< 0.05 µm) particles 

•  Sampling particles in moving air stream 
–  Isokinetic and non-isokinetic sampling 

•  Particle composition 
–  Collect sample of particles on filter 

•  Analyze as you would for liquid or solid compounds 
–  SMPS or APS w/ mass spec 

•  Very expensive 

•  Bioaerosol sampling (Dr. Kunkel) 
–  Fungi, bacteria, viruses 
–  Quantitative or presence/absence 
–  Culturable, viable, DNA-based 
–  Inhibitors 
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Summary of particle measurements 

•  Wide variety of instruments available for particle 
measurement 
–  What size of aerosol are you interested in? 
–  Do you need sizing or is counting sufficient? 
–  Do you need real-time data? 
–  What type of aerosol are you trying to measure? 
–  How much accuracy do you need? 
–  How much money do you have? 
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