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Diverse and complex characteristics of 
particulate matter (aerosols)

• PM size, morphology, and composition varies in time and space
• Difficult to characterize comprehensively

• Measurement artifacts:

• collection efficiencies (size or composition-dependent)

• chemical and physical transformations can occur between collection and analysis

• What is the PM concentration?
• The answer will likely depend on what device you use to measure it

• How to design a device for particle capture?
• measurement and PM emissions control

• How do you model ultimate fate and impact of PM?
• Depends on which impact you want to consider
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Contents

• Descriptions of aerosol size 
distributions

• Applications of aerosol 
physics

• sampling and measurement

• air pollution control

• respiratory health

• Theory of aerosol physics 
(single particle description)
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Metrics of aerosol size

Coz et al., Aerosol Sci. Tech., 2008

Dynamic shape factor

Shape factor

Geometric diameter

Volume-equivalent diameter

Electrical mobility diameter

Classical aerodynamic diameter

Vacuum aerodynamic diameter

Stokes diameter



Metrics of aerosol size

Jimenez et al., J. Geophys. Res., 2003

Mn et al., Food Rev. Int., 2021



In this lecture

• Understand how to interpret number size distributions (relevant for 
colloidal suspensions in other domains)

• normalize to view an unbiased representation.

• Describe the motion of individual particles by a force balance. 

• Categorize different types of “artifacts” (errors which are introduced by the 
instrument or analytical technique during sampling and measurement)

• Explain challenges for sample collection and particulate matter removal 
from effluent streams.

• Calculate fate of particles in an airstream.
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Number size 
distributions



Normalizing the aerosol size distribution
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Lognormal transformations of the size 
distribution
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Normalized number size distributions
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Moments of the 
aerosol size distribution



Working with 
ensemble-averaged quantities
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Filtration and gravimetry



Gravimetric mass analysis

• Sample collection on Teflon fiber or other type of filter (PM2.5 or PM10 size cut)

• Filter is pre-weighed and post-weighed after conditioning at specific temperature and relative humidity

• Difference in filter weight indicates mass collected

• Standardized as the Federal Reference Method (FRM) in the United States, and is a standard 

method of measurement in other countries (though filter type and protocol varies)
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https://metone.com/products/e-frm-dc-reference-method-particulate-sampler/

https://www.comde-derenda.com/en/products/mws-1/

https://asistec.ie/product/ultra-micro-micro-balances/



Inlet size selection

Hinds, Aerosol science and Technology, 1999



(from Stefan Reimann)



Isokinetic inlets

Hinds, 1999
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When sampling aerosols: 

• velocity of fluid in inlet has to match 

approaching fluid velocity

• → minimize particle losses/enrichment



Hinds, 1999

Consequences of non-isokinetic sampling

Stokes number (Stk):

ratio of the stop 

distance of a particle to 

a characteristic length 

scale of the flow. 

(Increases with particle 

mass.)

Stk =
tU

L
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Especially important for aircraft 
sampling

http://eol.ucar.edu

Schwarz et al., Geophys. Res. Lett., 2006

Blomquist et a. (2001)

Aircraft measurements provide vertical 

concentration profiles (black carbon 

shown on right).
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Filter collection 
Polyfluorotetraethylene or PTFE, Teflon® membrane filter

Casuccio et al., Fuel Process Tech., 2004

https://scientificfilters.com/whatman/membranes-ptfe-membranes-7592-104



Filtration
fibrous filter



membrane filter pore filter



Bag filter

Cooper and Alley, 2006





Particle-fiber interactions
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Hinds, Aerosol science and Technology, 1999
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Hinds, Aerosol science and Technology, 1999



Number vs volume size distribution

• Larger particles 
• far fewer in number 

• contribute much more toward mass 
concentrations

• Number weighted by diameter cubed 
(Dp

3)

Seinfeld and Pandis, Atmospheric Chemistry and Physics, 2016



Chemical transformations on 
optical response and gravimetric 
measurements



Water uptake

• Relative humidity (RH) affects particle 
size and mass

• RH is sensitive to temperature – RH in 
Purple Air may not be same as 
ambient

• Gravimetric mass measurements are 
measured at a specified humidity (35-
45% depending on protocol).

Seinfeld and Pandis, Atmospheric Chemistry and Physics, 2016



Evaporation and other artifacts

Sampling artifacts for gravimetric analysis 
assessed by comparing against sum of 
chemically speciated mass

• Retention of water

• Evaporative loss of semivolatile 
substances

• Adsorption of gases to filter media or 
collected particles

Chemical reactions (e.g., oxidation) can 
also affect the mechanisms above

Rees et al., Atmos. Environ., 2004



An automated gravimetric measurement

• Tapered Oscillating Element 
Microbalance

• Heated inlet to evaporate water

• Evaporates semivolatiles also

video link

https://www.thermofisher.com/tr/en/home/industrial/environmental/environmental-learning-center/air-quality-analysis-information/teom-technology-particulate-matter-measurement.html


Aerosol physics



Applications for sampling and particulate 
matter removal

• Impaction (size-selective inlets, sample collection, size classifiers)
• inertial impaction (particle trajectory deviates from fluid streamline due to particle 

inertia)

• an example from Seinfeld and Pandis (2006) is presented later

• Filtration (sample collection filters, bag houses)
• inertial impaction (particle trajectory deviates from fluid streamline due to particle 

inertia)

• interception (particle trajectory follows streamline but still collides with object because 
of particle size)

• diffusion from Brownian motion

• Electrostatic selection (measurement/particle removal devices)
• Electrostatic size classifiers

• Electrostatic precipitators
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Principles of aerosol measurement and 
emission control

Mechanical/physical

• filtration

• gravimetric analysis

• thermal separation

• absorption/adsorption

• charge separation

Chemical

• dissolution

• extraction

• reaction
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Continuum description of flow
Kulkarni et al., 2011

At standard conditions (293K, 101 kPa): 

μ = 1.81×10-5 Pascale-second
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Momentum conservation on a single particle

…Additional mechanisms:

• thermophoresis 

(motion of molecules caused by heat gradient)

• photophoresis 

(motion of molecules caused by heat gradient)

• electromagnetic radiation pressure 

(momentum transfer from EMR)

• acoustic pressure

• diffusiophoresis

v is the particle velocity vector

u is the fluid velocity vector

mp is the particle mass

F is the force vector
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Drag force

• The expression for drag force on a single particle is derived from Stokes’ 
law for low flow conditions (viscous forces dominate; neglect inertial 
forces).

• The Cunningham slip-correction factor is introduced to account for the fact 
that when the particle size approaches the mean free path of the gas, no-
slip boundary condition for which the equations of flow were derived (by 
Stokes’ law) do not necessarily apply.
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Derivation of 
drag force from 
Stokes’ law
(continuum regime, 
low flow)

Bird et al. (1960)

Seinfeld and Pandis (2006)

45See also Bird, Stewart, and Lightfoot

Transport Phenomena, 2007



Regimes of fluid-particle interactions

Knudsen number

When the particle radius 

approaches the mean free 

path of the surrounding fluid 

(gas), the description of the 

interacting fluid as a 

continuum as to be revisited.

Mean free path of air at 

standard conditions (293K, 

101 kPa): λ = 0.066 μm

Seinfeld and Pandis (2006) 46



Drag force with 
slip correction

Kulkarni et al., 2011
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Gravitational settling

• In the absence of other forces, the motion of a particle subjected to a 
gravity field can be described by the balance of drag and gravitational 
force.

• Settling velocities (rate of deposition due to gravitational force) can be 
calculated from this equation of motion, and it is shown that larger particles 
have a settling velocity orders of magnitude greater than smaller particles 
(both “small” and “large” referring to extremes in size of particles found in 
the atmosphere).
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Gravitational settling example

Seinfeld and Pandis (2006)
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Brownian motion

• Originates from random collision of molecules in motion.

• The diffusion coefficient for particles can be derived from Fick’s second law 
and equations of motion for a single particle (see Seinfeld and Pandis, 
2006, Friedlander, 2000).
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Hinds, Aerosol Science and Technology, 1999



Brownian diffusion
Seinfeld and Pandis (2006)
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Electrostatic force
 
The electrostatic force 
arises from 

• a voltage gradient 
(which gives rise to an 
electrostatic field)

• charge on a particle
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Electrostatic 
precipitator

Cooper and Alley, 2006





http://www.tsi.com

Hinds, 1999



General approach for simulating (individual) 
particle trajectories (Hinds, 1999)

1. Solve transport equations (e.g., Navier Stokes) for the fluid, with 
application-specific (e.g., geometric, flow) constraints.

2. Use the velocity fields u (and electrostatic fields) generated from their 
solutions and solve equations of motion for individual particles. This 
assumes that the following particle-particle interactions are negligible:
• Coagulation

• Coulombic (charged)

3. Also neglects gas-particle interactions

4. Repeat for various size particles to generate collection efficiency curve.

56



Example 1
Adapted from Seinfeld and Pandis (2006)
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Solution
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Example 2



Initial conditions Equations of motion Equations of motion

Soln to diff eq and application of initial conditions

Final equations



In practice

You often cannot easily solve the equations of motion for the fluid 
analytically or numerically (e.g., because of complex geometry).

Use  CFD/multiphysics simulation package (FLUENT, ANSYS, COMSOL) to 
generate velocity/electrostatic fields.

61



Optical measurements



Optical vs gravimetric

Ideal pathway for quantification:

• Light scattering events → particle size distribution

• Integrated volume concentrations → mass concentrations



Light-particle interactions

Seinfeld and Pandis, Atmospheric Chemistry and Physics, 2016



Optical measurements

Scattering phase function for incident wavelength of 550 nmSeinfeld and Pandis, Atmospheric Chemistry and Physics, 2016

Alfano et al., Sensors, 2020



Particle size and light scattering

Alfano et al., Sensors, 2020



Optical Particle Counters

Fidas 2000 Purple Air



Fidas 2000



Purple Air - high aspiration efficiency

• Dependent on wind-speed

• Increasingly important for coarse 
particles

• But small part of quantification error 
for large particles

Ouimette et al., Aerosol Sci. Tech., 2023



Purple Air – scattering intensity

• Relationship between scattering 
between scattering and particle size.

• Approximately unique relationship 
between particle size and scattering.

• Smallest particles detected by Purple Air 
sensors ~0.3 µm.

Ouimette et al., Aerosol Sci. Tech., 2023

Wavelength ~657 nm



Purple Air – captured light

• Light from particles are scattered 
anisotropically.

• Only part of the scattered light is 
captured by photodiode due to its 
placement, and also depends on 
particle position in the laser.

Ardon-Dryer et al., Atmos. Meas. Tech., 2020

Ouimette et al., Atmos. Meas. Tech., 2022



Purple Air particle-laser interactions

Largest source of error in 
quantification.

“As particle flow is not focused into 
the core of the laser beam, >99% of 
particles that flow through the [sensor] 
miss the laser, and those that 
intercept the laser usually miss the 
focal point and are subsequently 
undersized, resulting in erroneous 
size distribution data.”

Ouimette et al., Aerosol Sci. Tech., 2023



Comparison of measurement techniques

Reference (gravimetric) Purple Air

size selection size-selective inlet 

(impactor or cyclone)

no physical device

active sampling vacuum pump fan

“capture” filtration particle-laser interactions

measurement gravimetric weight scattering intensity

time resolution 24 hours few minutes

Are we measuring the same particles?

• Transmission efficiency

• Sampling/measurement artifacts

• Preconditioning

• Capture or detection



The calibration problem

source: DALL-E

Reference

Gravimetric analysis

Low cost sensors

Optical

Atmospheric particles

https://metone.com/products/e-frm-dc-reference-method-particulate-sampler/

https://www.sartorius.hr/en/products/laboratory-equipment-and-accessories/laboratory-

weighing/laboratory-balances/ultra-micro-laboratory-balances/cubis-ii-ultra-micro-balance/

https://mtlcorp.com/product-category/teflon-pm2-5-filters/

Ardon-Dryer et al., Atmos. Meas. Tech., 2020



Strategies for calibration



Purple Air correction equations

US-wide correction, extended

https://cfpub.epa.gov/si/si_public_record_report.cfm?dirEntryId=353088&Lab=CEMM

AirNow Fire and Smoke map 



Calibration models

https://de.wikipedia.org/wiki/Random_Forest

e.g.,

number concentrations

mass concentrations

particle volume

dew point temperature

illustration of 

random forest model

(Fidas)



Calibration roadmap

Model building phase

• Variable selection

• Sample selection

• Model selection
• Framework

• Parameters

Operational phase

• Maintenance

• Flagging data

Takahama et al., Atmos. Meas. Tech., 2019



Another optical measurement…

CONDENSATION PARTICLE COUNTER

MODEL 3772/3771

OPERATION AND SERVICE MANUAL



Kulkarni et al., 2011



Summary

• Motion of individual particles can be described by a force balance. 
(What are the different types of forces?)

• Same mechanistic principles underly sample collection and air pollution 
control of particulate matter

• What are some challenges for particle collection and measurement?



Further reading

• Barkjohn, K. K., Gantt, B., and Clements, A. L.: Development and application of a United States-wide correction for 
PM2.5 data collected with the PurpleAir sensor, Atmospheric Measurement Techniques, 14, 4617–4637, 
https://doi.org/10.5194/amt-14-4617-2021, 2021.

• deSouza, P., Kahn, R., Stockman, T., Obermann, W., Crawford, B., Wang, A., Crooks, J., Li, J., and Kinney, P.: 
Calibrating networks of low-cost air quality sensors, Atmospheric Measurement Techniques, 15, 6309–6328, 
https://doi.org/10.5194/amt-15-6309-2022, 2022.

• Giordano, M. R., Malings, C., Pandis, S. N., Presto, A. A., McNeill, V. F., Westervelt, D. M., Beekmann, M., and 
Subramanian, R.: From low-cost sensors to high-quality data: A summary of challenges and best practices for 
effectively calibrating low-cost particulate matter mass sensors, Journal of Aerosol Science, 158, 105833, 
https://doi.org/10.1016/j.jaerosci.2021.105833, 2021.

• Jaffe, D. A., Miller, C., Thompson, K., Finley, B., Nelson, M., Ouimette, J., and Andrews, E.: An evaluation of the U.S. 
EPA’s correction equation for PurpleAir sensor data in smoke, dust, and wintertime urban pollution events, Atmospheric 
Measurement Techniques, 16, 1311–1322, https://doi.org/10.5194/amt-16-1311-2023, 2023.

• Ouimette, J. R., Malm, W. C., Schichtel, B. A., Sheridan, P. J., Andrews, E., Ogren, J. A., and Arnott, W. P.: Evaluating 
the PurpleAir monitor as an aerosol light scattering instrument, Atmospheric Measurement Techniques, 15, 655–676, 
https://doi.org/10.5194/amt-15-655-2022, 2022.

• Ouimette, J., Arnott, W. P., Laven, P., Whitwell, R., Radhakrishnan, N., Dhaniyala, S., Sandink, M., Tryner, J., and 
Volckens, J.: Fundamentals of low-cost aerosol sensor design and operation, Aerosol Science and Technology, 0, 1–
15, https://doi.org/10.1080/02786826.2023.2285935, 2023.

• Zimmerman, N.: Tutorial: Guidelines for implementing low-cost sensor networks for aerosol monitoring, Journal of 
Aerosol Science, 159, 105872, https://doi.org/10.1016/j.jaerosci.2021.105872, 2022.
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