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Atmospheric aerosols are major contributors to air pollution. Overexposure to these
particles can cause severe respiratory and cardiovascular impairments. Aerosols also
affect the planet’s climate through radiative forcing. Various techniques exist to
monitor the physical and chemical characteristic of aerosols but few allow for real-time
analysis. In this thesis, real-time field measurements of aerosol particles were compared
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quantitative semi-continuous spectral data. This study found no variation between local
and regional particulate matter measurements and no discernable correlation between
PMz2s mass and particle number concentration. The relationship between particle size
and Raman intensity remains unknown due to the non-uniformity of mobility-size
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Chapter 1: Introduction

1.1 What are aerosols?

Aerosols are typically characterized as the suspension of some liquid or solid particle in a
gaseous medium (Kulkarni, Baron, and Willeke 2011). They can be formed through the physical
or chemical breakdown of a liquid or solid into smaller parts. Many natural processes lead to the
formation of aerosols. For example, material emitted during volcanic eruptions, sand and dust
blown from desserts, and salt particles from ocean waves are just a few examples of aerosols
formed through ecological events (Kulkarni, Baron, and Willeke 2011). Organisms can also
produce aerosols through various biological processes. Terpenes are a class of organic compounds
emitted by a variety of plant and animal species to protect them from predators and attract more
beneficial organisms (Gershenzon and Dudareva 2007). Isoprenes, the most abundant atmospheric
terpene, are organic compounds emitted by trees and phytoplankton located in marine
environments. These terpenes are known to react with other chemicals in the atmosphere such as

ozone and nitrous oxide to form aerosols (Moore, Oram, and Penkett 1994).

While various natural processes produce aerosols, many anthropogenic events are also
responsible for aerosol emissions. The most recognizable form of aerosols are the pressure sealed
cans used to disperse liquid or gaseous consumer products in the form of a mist, foam, or spray
(National Aerosol Association 2014). Transportation emissions are perhaps the next most
recognizable source of aerosols. Specifically, engine exhaust from diesel and gasoline fuel sources
produce aerosols during the combustion process. These exhaust are responsible for the emission
of both primary and secondary atmospheric particles (Jr et al. 1973). Primary aerosols are those

that are present in the atmosphere in the original condensed phase (liquid or solid) at the time of



emission; while secondary aerosols are formed through the physical or chemical breakdown of
particles within the atmosphere. For example, gas-phase compounds can oxidize to form particles
downwind of sources. Furthermore, the aerosols emitted in vehicle exhaust tend to be very fine
particles (< 2.5 um, PM25) that have adverse implications on human health (Maricq, Podsiadlik,
and Chase 2000). Additional anthropogenic aerosols sources include emissions from
manufacturing and energy production using fossil fuels. Particles emitted during these processes
are often co-emitted with pollutants such as carbon dioxide (COz2), nitrous oxides (NOx), sulfur

oxides (SOx), and various other compounds (Davis 2018).

1.2 Impact of Aerosols

Regardless of their source, aerosols eventually coagulate and disperse in the atmosphere and
have major impacts on both human and environmental health. These particles have significant
direct and indirect effects on the planets energy balance, cloud properties, and essential
atmospheric chemical reactions (Tegen and Schepanski 2018). Directly, atmospheric aerosol
particles absorb and reflect solar and thermal radiation (Lohmann and Feichter 2005 & references
therein). The impact these absorption and reflection perturbations have on the planets energy
balance are described as radiative forcing. The indirect effect is the phenomena observed when
aerosol particles act as cloud condensation nuclei (CCN) for the formation of cloud droplets in
the atmosphere (Lohmann and Feichter 2005 and references therein). Large concentrations of
small aerosol particles provide more surface area for cloud droplets to condense upon. This leads
to the formation of larger, brighter clouds that reflect sunlight and have a negative radiative forcing
on the earth’s atmosphere (U Lohmann and Feichter 2005; Charlson and Wigley 1994). Both the

indirect and direct aerosol effect depend largely on the size, color, and composition of the particles.
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For example, studies have shown that black and brown carbon aerosols produced in combustion
processes such as biomass burning have a net atmospheric radiative forcing that is a function of
the aerosol size distribution (Chylek and Wong 1995 & references therein). A study of Aerosol
radiative forcing in the United States found that lighter particles such as SOx and NOx had a
negative radiative forcing (cooling) while the darker, soot-like, black carbon particles had a net
positive radiative forcing (heating) (Leibensperger et al. 2011 & references therein). However, it
is important to remember that these light and dark particles are not separated in the atmosphere
and likely interact with one another. These multi-aerosol compounds have unique effects on
radiative forcing. For instance, sulfate can have a radiative forcing value as low as -2.0 W/m?
(Leibensperger et al. 2011). However in one study, when sulfate and carbonaceous aerosol were
externally mixed, the radiative forcing of the sulfate portion was nearly zero while the contribution

of the carbonaceous material was -1.3 W/m? (Ulrike Lohmann et al. 2000).

It is necessary to point out that the environmental impact of aerosol emissions are not limited
to the location of the emission source. Winds can carry aerosols thousands of miles away from
their point of origin. Some organic aerosols can even react with precursor gases in the atmosphere
and form secondary organic aerosols that lead to higher particulate concentration downwind of the

emission source (Carlton, Wiedinmyer, and Kroll 2009).

While the scattering of aerosol particles due to wind may seem advantageous,
meteorological and topographical features of certain regions may make this undesirable (Lu and
Turco 1995). The Greater Los Angeles Metropolitan area is an example of one such region. Los
Angeles is the second most populated city in the nation and as such, is subject to elevated levels

of air pollutants including hydrocarbons (Haagen-Smit 1952). These hydrocarbons undergo



photochemical reactions with other pollutants leading to the formation of a thick smog composed
of aerosols, ozone, NOx, and SOx (David D. Parrish et al. 2016). One would expect the sea breeze
from the nearby Pacific Ocean to disperse the smog. However, the city is located in a basin
bounded by mountains to the east. Furthermore, topical inversion layers keep warmer air masses
above the cooler, polluted ground air, which prevents the smog from vertically dispersing (Yang
and Omaye 2009). The city has since taken steps to reduce pollution and other densely populated
areas in the world ,such as Beijing, China, have studied Los Angeles closely in order to mitigate
the effects of air pollution in their cities (David D. Parrish et al. 2016). This is largely due to the
environmental and, more importantly, human cost that aerosol emissions can have. According to
the World Health Organization, exposure to particulate matter (atmospheric aerosols) causes about
7 million deaths every year (Esposito et al. 2018)(Esposito et al. 2018. Size is of particular
importance when discussing the emissions of particulate matter. Smaller particles are broken down
into two categories, PMio (particles less than 10 microns) and PM2s (particles less than 2.5
microns). PMao typically has short term effects on respiratory health while PM25s can be much
more dangerous. These very fine particles deposit in respiratory airways and lead to decreased
lung function, difficulty breathing, and in the most severe cases, heart attacks (World Health

Organization 2006).

In order to monitor the impact of these particles, regulatory agencies across the globe have
set standards for acceptable levels of PMio and PMzs. In the United States, the Environmental
Protection Agency is the federal agency responsible for setting the acceptable levels of all criterion
air pollutants. Individual state agencies are responsible for monitoring respective levels within
their state and reporting when they are/are not in compliance. Similarly, the European Union’s sets

limits for the emissions of some criterion air pollutants and target emission rates for others
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(“Standards - Air Quality - Environment - European Commission” 2018). The worlds most
populated countries, China and India have also issued air quality standards for its citizens to adhere
to. In China, standards are issued for special regions such as national parks (Class 1) and other
public and nonpublic areas (Class 2) (“China: Air Quality Standards | Transport Policy” 2018).
Furthermore, population dense regions of the nation ,such as Beijing and Shanghai, were required
to implement more stringent air quality standards in shorter timeframes (“China: Air Quality
Standards | Transport Policy” 2018). In India, the Central Pollution Control Board, sets and
regularly test air quality standards (“India: Air Quality Standards | Transport Policy”” 2018). Tables
1.1-1.3 display the air quality standards for all air pollutants in the named regions. In all cases,
particulate matter is listed as a criterion pollutant with distinction between PM1o and PM2s. Table’s

1.4-1.5 display emission limits for heavy and light duty vehicles with particulate matter included.



Table 1.2.1 National Ambient Air Quality Standards (NAAQs) (US EPA 2014)

Pollutant Primary/Secondary | Averaging | Level Form
Time
Carbon Monoxide | Primary 8 hours 9 ppm Not to be exceeded more
(CO) Thour 35 ppm than once per year
Lead (Pb) Primary and Rolling3 | 0.15 pg/m® | Not to be exceeded
Secondary month
average
Nitrogen Dioxide | Primary 1 hour 100 ppb 98" percentile of 1-hour
(NO2) daily max concentrations,
averaged over 3 years
Primary and 1 year 53 ppb Annual mean
Secondary
Ozone (O3) Primary and 8 hours 0.070 ppm Annual 4" highest daily
Secondary max 8 hour concentration,
averaged over 3 years
Particle | PM Primary 1 year 12.0 pg/m3 | annual mean, averaged
Pollution >3 over 3 years
(PM) Secondary 1 year 15.0 pg/m3 | annual mean, averaged
over 3 years
Primary and 24 hours 35 pg/m3 99'h percentile averaged
Secondary over 3 years
PM1o Primary and 24 hours 150 pg/m3 annual mean, averaged
Secondary over 3 years
Sulfur Dioxide Primary 1 hour 75 ppb 99™ percentile of 1-hour
(SO2) daily max, averaged over
3 years
Secondary 3 hour 0.5 ppm Not to be exceeded more

than once per year




Table 1.2.2 European Union Air Quality Standards (“Standards - Air Quality -
Environment - European Commission” 2018)

Pollutant Concentration | Averaging | Legal nature Permitted
period exceedances

each year

Fine particles | 25 pg/m3*** 1 year Target value to be met as of n/a

(PM25) 1.1.2010

Limit value to be met as of
1.1.2015

Sulphur 350 pg/m3 1 hour Limit value to be met as of 24

dioxide 1.1.2005

(SO2) 125 pg/m3 24 hours | Limit value to be met as of 3

1.1.2005

Nitrogen 200 pg/m3 1 hour Limit value to be met as of 18

dioxide 1.1.2010

(NO2) 40 pg/m3 1 year Limit value to be met as of n/a

1.1.2010 *

PM1o 50 pug/m3 24 hours Limit value to be met as of 35
1.1.2005 **

40 pg/m3 1 year Limit value to be met as of n/a
1.1.2005 **

Lead (Pb) 0.5 pg/m3 1 year Limit value to be met as of n/a
1.1.2005 (or 1.1.2010 in the
immediate vicinity of specific,
notified industrial sources; and
a 1.0 pg/m3 limit value applied
from 1.1.2005 to 31.12.2009)

Carbon 10 mg/m3 Maximum | Limit value to be met as of n/a

monoxide daily 8 1.1.2005

(CO) hour mean

Benzene 5 ug/m3 1 year Limit value to be met as of n/a

1.1.2010**

Ozone 120 pg/m3 Maximum | Target value to be met as of 25 days
daily 8 1.1.2010 averaged over 3
hour mean years

Arsenic (As) | 6 ng/m3 1 year Target value to be met as of n/a

31.12.2012

Cadmium 5ng/m3 1 year Target value to be met as of n/a

(Cd) 31.12.2012

Nickel (Ni) 20 ng/m3 1 year Target value to be met as of n/a

31.12.2012




Pollutant Concentration | Averaging | Legal nature Permitted

period exceedances
each year
Polycyclic 1 ng/m3 1 year Target value to be met as of n/a
Aromatic (expressed as 31.12.2012

Hydrocarbons | concentration of
Benzo(a)pyrene)




Table 1.2.3 China’s Air Quality Standards (“China: Air Quality Standards | Transport
Policy” 2018)

Pollutant Averaging time Limit Unit
Class 1 Class 2
SO annual 20 60 pg/m?
24 hours 50 150
hourly 150 500
NO2 annual 40 40
24 hours 80 80
hourly 200 200
coO 24 hours 4 4 mg/m?
hourly 10 10
Os daily, 8-hour 100 160 pg/m?3
maximum
hourly 160 200
PM10 annual 40 70
24 hours 50 150 ug/m3
PM2s annual 15 35
24 hours 35 75

Table 1.2.4 European Union Motor Vehicle Emissions Standards for cars and passenger
Vehicles (“Emission Standards: Europe: Cars and Light Trucks” n.d.)

Stage Date (6{0) HC HC+NOx | NOx PM PN
g/km #/km

Positive Ignition (Gasoline)

Euro6 |2014.09 | 1.0 0.10¢ - 0.06 0.005%" | 6.0x10%!

Compression Ignition (Diesel)
Euro 5b | 2011.09° | 0.50 - 0.23 0.18 0.005" | 6.0x10™

Euro6 | 2014.09 | 0.50 - 0.17 0.08 0.005f 6.0x10




Table 1.2.5 European Union Motor Vehicle Emissions Standards for Light Commercial
Vehicles (“Emission Standards: Europe: Cars and Light Trucks” n.d.)

Categoryt | Stage | Date CO |HC+NOx|NOx |PM PN

g/km #/km
Compression Ignition (Diesel)
N1, Class | Euro 2011.09¢ | 0.50 0.23 0.18 0.005" | 6.0x10%!
<1305 kg 5b
Euro 6 | 2014.09 | 0.50 0.17 0.08 0.005" | 6.0x10%!

N1, Class Il | Euro 2011.09¢ | 0.63 0.295 0.235 |0.005" | 6.0x101
1305-1760 | 5b

kg Euro6 | 2015.09 | 0.63 0.195 0.105 | 0.005" | 6.0x10%
N1, Class Il | Euro 2011.09% | 0.74 0.350 0.280 | 0.005" | 6.0x101
>1760 kg 5b

Euro6 | 2015.09 | 0.74 0.215 0.125 |0.005" |6.0x10M

1.3 Measurement Methods

All of the regulatory agencies listed rely on the mass concentration of particulate matter when
measuring and reporting aerosol data. This is often done using some form of filter based,
gravimetric sampling over extended periods of time (Tittarelli et al. 2008). Aerosol particles are
sampled continuously onto the filter for a given time frame and then measured for physical or
chemical properties once the filter is removed. However, the method of reporting particle
concentration changes with the application of the data (Kulkarni, Baron, and Willeke 2011).
Regulatory agencies, such as those above, typically rely on mass concentration (Kulkarni, Baron,
and Willeke 2011). The EU is unique in its separate standards for vehicle particle emission limits
reported in terms of particle number. Toxicological studies tend to require surface area
concentration, particle counts are recorded in number concentration for clean rooms, and some

engineering applications require volume concentration(Kulkarni, Baron, and Willeke 2011). These
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different concentrations can also be affected by the properties of the particles themselves. These
properties include size, shape, cohesion, porosity, and charging. Figure 1.3.1 illustrates the
variations seen when particle size and concentration are measured using different methods. In this
figure the, volume (n°v), surface area (n°s), and number (n°n) concentrations of the particles are
depicted using logarithmic plots. The x-axis is the logarithm of the midpoint particle diameter in
a given size bin. Particle sizes can vary significantly so they are often grouped into size bins rather
than average sizes. The y-axis represents is the change in concentration over the change in the
particle size in a given size bin, also known as d n°i /dlogDp. Particle size distributions are reported
using these conventions because they often results in the Gaussian distribution of particle sizes.
However the type of concentration reported dictates the particle sizes the distribution will include.
Number concentrations are skewed toward smaller particles. Surface area is also skewed slightly
towards smaller particles since the large number of fine particles would likely lead to increased
surface area. However volume (mass) concentration is skewed towards the larger particle
diameters and even exhibits a bimodal distribution. In the surface area and number measurements,
the larger particle sizes represent only the insignificant tail end of the distribution. The particles
that have the most impact on the environment and human health are the smaller particles that are

represented on the lower end of the size distribution.
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Diameter, um

Figure 1.3.1 Particle volume (n°v), surface area (n°s), and number (n°n) concentrations of urban
aerosol as a function of particle diameter (Seinfeld and Pandis 2016).

The regulatory practice of reporting PM in terms of mass concentration has been called
into question. It is common knowledge that the mass of small particles is negligible in comparison
to the larger ones and, fine particulate matter has more negative health implications (Tuch et al.
1997). Furthermore regulatory agencies report PM concentration after it has been averaged over

one day or even a year in some cases. Aerosol concentration and potential exposure can vary
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significantly within this time frame. Real-time measurements of number concentration would
likely provide a more accurate depiction of particulate matter levels in a given area. One of the
most widely used instruments for measuring number concentration of particles is the condensation
particle counter (CPC). CPC’s count the number of particles in an aerosol sample using a laser
photodetector. However, most aerosol particles are less than 1nm in diameter, making them too
small for the laser to see. A CPC overcomes this by condensing a working fluid such as alcohol,
butanol, or ethylene glycol onto the surface of the particle until it grows to visible size. The type
of working fluid is the primary difference between CPCs. The ability of the liquid to condense
onto the surface of the particle is a mass transfer process that is driven by the molecular properties
of the fluid. These differences in molecular properties lead to different counting efficiencies and

minimum particle detection sizes.
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Figure 1.3.2 Basic Water CPC Schematic (TSI)
Several previous studies have been done in the comparison of different CPCs. For example, in
2017, a Finnish research group published a paper which examined the counting efficiency of three
CPC’s, each having different working fluids and the ability to detect particles less than 3

nanometers (Kangasluoma et al. 2017). The working fluids used by the instruments were butanol,
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water, and ethylene glycol. The researchers found that the water and ethylene glycol CPC’s had
very similar counting efficiencies while the butanol was significantly lower (Kangasluoma et al.
2017). They also compared the real-time particle counts of the water and ethylene glycol CPCs by
taking measurements near a local bus stop (Kangasluoma et al. 2017). An earlier study compared
the detection of sub 2nm in ultrafine CPC’s that used non-hazardous, low volatility, working fluids
such as ethylene glycol, oleic acid, diethylene glycol, propylene glycol, and diocytl sebacate
(DOS) (lida, Stolzenburg, and McMurry 2009). The results showed that the low vapor pressure of
these fluids resulted in the aerosol particles growing sizes too small for the laser within the
instrument to detect (lida, Stolzenburg, and McMurry 2009). Thus, a second CPC was added to
nucleate the particles to a detectable size and then examine the counting efficiencies (lida,

Stolzenburg, and McMurry 2009).

1.4 Qverview of thesis

1.4.1 Objective

In the first half of this thesis we will discuss the physical characteristics of atmospheric
aerosols and compare the different methods available for measuring them. One of these
comparisons involved taking three different generations of CPCs into the field and analyzing the
differences in their particle detection capabilities. The working fluids used in these CPC’s were
butanol and water. The CPCs are the TSI model 3787 Water, model 3772 Butanol, model 3776
Ultrafine Butanol, and the Teledyne model 651 Ultrafine water. In addition to our comparison of
the different instruments and working fluids, we also compared our number concentration data to

the mass concnetration data that is simultaneously reported by our the local regualtory agency, the
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Maryland Department of the Environment (MDE). Since the size of particulate matter is of
particular importance due to its implications on human and enviormental health, we also analyzed
the particle size distribution of sampled particles and compared it to the concentration data that
was collected simultaneoulsy. A comparison of this real time data allows us to better understand

the size and levels of particulate matter that we could be exposed to.

While it is important to monitor the levels and size of particulate matter , it is also essential
to monitor chemical compostion. The chemical nature is vital to detemirng the potential effects of
an atmospheric aerosol. In part 2 of this thesis, we will discuss current chemical methods available
for characterizing Black Carbon, an atmospheirc aerosol often classified as PM2.s, and propose

methods to conduct chemical measurements in real time.
1.4.2 Particle Sizing

While the CPC’s determine particle number concentration, we rely on the Differential
Mobility Analyzer (DMA) to determine the size of particles. The DMA relies on the premise that
the electrical mobility of a single charged particle is a function of the particles size (Seinfeld and

Pandis 2016). That is
B, = qf (D) (1.1)

where Be is the electrical mobility and Dy is the particle diameter, and q is the particle charge. The
function f (Dp) can be found through a force balance on a particle that has an external electric field

applied to it. If an electric field is applied to a particle. The Summation of forces becomes,

Z F=F,—Fg (1.2)
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Where F is the total forces on the particle, Fe is the force of the electric field, and Fo is the drag
force on the particle opposite the direction of the applied force. We assume the particle is at steady
state and substitute the known forces (Seinfeld and Pandis 2016). By Stokes Law, the drag force

becomes

_ 3nuvD,
bToo¢

(1.3)

where [ is the gas viscosity, v is the particle velocity, Dy is the particle diameter, and C is the

Cunningham slip correction factor given by

C = 1+%la+ﬁ*e(_%)l (1.4)
where a=1.165, p=0.483, y=0.997 and A is the mean free path (Kim et al. 2005). The Cunningham
correction factor is an empirical fit applied to smaller particles due to their ability to slip through
the space between molecules (Kulkarni, Baron, and Willeke 2011). This ability leads to higher
velocities and reduced drag compared to what is normally predicted by stokes law(Kulkarni,
Baron, and Willeke 2011). The addition of the Cunningham Correction factor accounts for this
difference. The constants within the correction factor equation are dependent on the type of gas
and its mean free path (Kulkarni, Baron, and Willeke 2011). The given values are for air when A

IS 65nm.
The electric field force is given by

where E is the strength of the electric field. Thus equation 1.1 and 1.2 becomes
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A | (1.6)
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From here we can see the relationship between electric mobility and particle size. The
DMA exploits this by first using a radioactive neutralizer to apply positive and negative charges
to an aerosol as it enters the system. The particles, still poly-dispersed, then enter a concentric
column with an electric field applied using a high voltage rod in the center of the annular space
(TSI Incorporated 2016 & references therein). The particles then fall along the column according
to their electrical mobility, and flow rates of the instrument (TSI Incorporated 2016 & references
therein). Particles of high and low electrical mobility precipitate towards the top and bottom of the
column respectively (TSI Incorporated 2016 & references therein). The particles with a narrow
range of mobility exit the bottom of the column as a monodispersed aerosol to be counted using

the attached CPC.

1.4.3 Lab Measurements

Preliminary measurements were conducted in the laboratory before moving to the field
locations of College Park, MD and Beltsville, MD. In these tests we compared the particle
detection of aerosols of known (Ammonium Sulfate) and unknown (Room Air) composition. In
both cases, the ultrafine butanol CPC detects the highest concentration of particles. This is as
expected since the ultrafine CPC has the lowest minimum particle detection limit. Its concentration
is higher because it is likely detecting a large amount of fine particulate matter. We also see that
the butanol and water CPCs measure very similar concentrations in both cases. This suggests there
is little to no difference in the amount of particles detected by each instrument for the two aerosols

sampled.
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Table 1.4.1 CPC Comparison

TSI Model Working Fluid | Minimum Sample Flow
No. Particle Rate (L/min)
Detection Size
(nm)
3785 Water 5 1
3787 Water 7 0.6orl5
3772 Butanol 10 1
3776 Butanol 2.5 0.30r1.5
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Figure 1.4.1 Average Particle Concentration from Room Air (left) and Atomized Ammonium
Sulfate (right)

After comparing Total Counts, size comparisons were conducted in the lab using the DMA

with the 3772 Butanol and 3785 Water CPCs. Black Carbon was the chosen aerosol due to its

significance as a contributor to atmospheric PM2s and its unknown size distribution. Figure 1.4

gives a comparison of the particle size distribution collected from the two instruments. We see that
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the particle concentration for the water CPC is about the same as the butanol at small particle sizes.
However after about 50nm the agreement stops and the difference in particle count increase
drastically. This is likely due to the interaction between the molecules. Water is polar and unable
to completely condense onto the surface of the nonpolar soot particles. Conversely, butanol has a
nonpolar end that is able to interact with the inorganic molecules of black carbon and condense
onto its surface. However, the fact that at low diameters, the two instruments count the same
number of particles lets us know that regardless of the working fluid properties, there can be
agreement on particle number concentration at certain sizes. These findings were kept in mind

when examining the size distributions of particles in the field.

Black Carbon Particle Size Comparison
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Figure 1.4.2 Butanol vs. Water CPC Black Carbon Particle Sizing Comparison
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Chapter 2: Field Measurements & Physical Aerosol Detection Measurements

2.1 Research Objectives

While the EPA sets standards for acceptable limits of particulate matter, local agencies such
as the MDE are responsible for monitoring particulate matter pollution levels and reporting when
an area is not in compliance. The MDE has 25 air monitoring locations with the majority located
in industrial and densely populated areas (Users et al. 2018). With roughly one station per county,
they are equipped with instruments to measure the concentration of air pollutants and report
regional air quality using the Air Quality Index (“Ambient Air Monitoring Network” n.d.).

However, some of these counties are large and have varying topography and population density.
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Figure 2.1.1 Map of Air Monitoring Stations in Maryland (Users et al. 2018)

Considering the nature of aerosols to travel throughout the atmosphere while participating
in chemical and physical reactions, it is unlikely that the air sampled at one station provides an
accurate description of the particulate matter concentration of an entire county. For example,

Prince Georges County is the states 2" most populated region. It is comprised of urban/industrial
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areas in the center and more rural areas to the north and south. Two locations are responsible for
reporting air pollutant concentration in this county. The first is located in the rural southern region
at the Prince George’s Equestrian Center in Upper Marlboro, MD. According to the MDE, the
scarcely populated area allows for the residential exposure levels of PMz2s to be monitored. The
other location is the Howard-University Beltsville campus in Beltsville, MD. This is a more
residential area and was chosen to measure PM2s concentration at urban levels. However, figures
2.1.2 and 2.1.3 show that the locations appear to be similar with both showing residential

development and a large area of vegetation.
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Figure 2.1.2 Satellite View of PG Equestrian Center Air Monitoring Station (Users et al. 2018)
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Figure 2.1.3 Satellite View of HU-Beltsville Air Monitoring Station (Users et al. 2018)

While the PG equestrian center may give an accurate particulate matter concentration for
the rural, southern region of Prince Georges County, the HU-Beltsville site seems less likely to
provide particulate matter information that represents the region. Figure 2.5 shows that the
University of Maryland College Park campus is conveniently located less than 6 miles from the
HU-Beltsville Monitoring Site. With the increased population and emission sources located on
campus, it seems unlikely that the regional concentrations reported by MDE from the HU-
Beltsville site would accurately describe particle concentration in this area. This begs the question,
do the local concentrations of particulate matter vary significantly from the regional values
reported by the MDE? Furthermore, the concentrations that are reported are done in terms of mass.
If there is any agreement between the two measurement locations in terms of number
concentration, will there be a correlation between the mass and number concentration of the

particulate matter?
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Figure 2.1.4 Distance between College Park and HU-Beltsville Sampling Locations

2.2 Methodology

In order to determine if there was any variability in local and regional concentrations, we first
had to make sure that the data from our instruments was comparable to the data gathered by the
CPC at the HU-Beltsville site. The TSI 3776 Ultrafine Butanol and TSI 3772 Butanol CPC’s were
taken to the site to be run simultaneously with MDE’s Teledyne 651 Ultrafine Water CPC. Tygon
tubing was connected from the inlet of all three instruments to a four-way connector. The connector
was then fitted to a void volume with the other side open to the ambient air. The void volume is
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added to mitigate the variations in data collection that might be caused by the differences in the
instruments flowrates. The TSI 3776 Ultrafine butanol has an inlet flow of 1.5 liters per minute
while the TSI 3772 Butanol pulls in aerosols at a rate of 1 liter per minute (LPM). The inlet flow
rate of the Teledyne 651 Ultrafine Water CPC is substantially higher at 3.0 liters per minute. This
larger flowrate could likely have had an effect on the inlet pressure of the other two CPC’s. Thus,

Teledyne’s inlet line was made to be slightly longer than those of the other two instruments.

Ambient Air

Void Volume

A A

CPC
TSI 3776
1.5LPM

Figure 2.2.1 CPC Sampling Flow Schematic

The instruments were installed and allowed to sample for 5 days gathering time series data
regarding the number concentration of the particles. The TSI CPCs collect particle data every
second and the Teledyne CPC’s average over 5 seconds. All instruments have a 1 hour sampling
time. In addition to particle count, we were also interested in the size of particles. This required
the use of the DMA in conjunction with TSI 3772 CPC. As particles are scanned according to their
electrical mobility by the DMA, they are counted by TSI 3772 Butanol CPC. The use of the TSI

3772 Butanol CPC with the DMA means no concentration data could be collected and only the
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Teledyne 651 Ultrafine Water and TSI 3776 Ultrafine Butanol could collect concentration data for
comparison. Particle size data was collected for roughly 30 hours and compared with the
concentration data provided by the CPCs in order to determine how particle count varies with size

distribution over this specific range of time.

Ambient Air

Void Volume »

v

CPC
1.5 LPM T

Figure 2.2.2 HU-Beltsville CPC Sampling Flow Schematic with DMA attached

Once it was established that the MDE instrument and our own CPC’s had comparable
number concentration, the instruments were returned to college park for ambient measurements.
These measurements are then compared to the regional values reported by the MDE Teledyne
Ultrafine Water CPC. The sampling at college park took place in the closed rooftop lab of the
Atmospheric and Oceanic Sciences Department at the University of Maryland College Park. In
comparison to the HU-Beltsville site which is located in the middle of a field, the College park
sampling site is located in the middle of a busy university campus with continuous exposure to
emission sources. The facility is adjacent to a bus stop, parking garage, and an on-campus farm. It

is also situated on a rooftop roughly 130 foot above the ground. This will allow for a better mixed
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aerosol concentration in comparison to the 10 feet sampling height of the HU-Beltsville site. The
TSI 3776 Ultrafine Butanol, TSI 3787 Water, and TSI 3772 Butanol CPC’s were used for all
sampling at this facility. Similarly to the Beltsville site, Tygon tubing was used to connect the inlet
of each instrument to a 4-way connector which was subsequently attached to a void volume. Again
this was done to mitigate the difference in flow rates (TSI 3787 Water has an inlet flow of 1.6
LPM). Once all three instruments are connected to the void volume, a line from outside the facility
is connected to the void volume allowing all three CPC’s to pull directly from ambient air. The
instruments were set to collect concentration data over a period of 5 days similarly and Particle
size data was also collected for a period of roughly 30 hours. However, unlike the HU-Beltsville
run, two identical TSI 3772 Butanol CPCs were available. One was used to monitor particle counts

while the other was used in conjunction with the DMA to measure particle size distribution.

Ambient Air .
| Void Volume

v

CPC
TSI 3776
1.5LPM

Figure 2.2.3 CPC College Park CPC Flow Schematic with DMA Attached
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2.3 Results

The total particle concentration measured at both locations mirrored what was seen in the lab.
In both cases, the TSI 3776 Ultrafine Butanol CPC counts the highest number of particles, followed
by the TSI 3772 Butanol, and either the Teledyne 651 Ultrafine Water CPC at the HU-Beltsville
site or, the TSI 3787 Water CPC at the College Park site. Figure 2.3.1 shows how the TSI butanol
CPC’s compare to the MDE’s Teledyne 651 Ultrafine Water CPC when measurements are taken
at MDE. Figure 2.3.2 compares all of the TSI CPC measurements at the College Park sampling
site to data that was simultaneously gathered at the HU-Beltsville site. In all measurements, the
number of particles measured by the Teledyne 651 Water CPC are comparable to those of the other
instruments and indicate that the MDE’s reported concentration are generally accurate
representations of particle concentration in the region. However, further data analysis is required

to verify this.
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Figure 2.3.1 CPC Particle Count Comparison from HU-Beltsville Monitoring Station
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Figure 2.3.2 CPC Particle Count Comparison from College Park Monitoring Station with
Simultaneous with Simultaneous Measurements from HU-Beltsville

Particle Size distribution data was collected for a short portion of time at both measurement
locations. Figure 2.3.3 shows how the size distribution of the particles at the College Park site
varied over the first 30 hours of sampling. These distributions can be matched to the concentration
data displayed in Figure 2.3.2 for the same time frame. Figure 2.3.4 reflects the particle size
distribution for another 30 hours sampling ambient air. However this was done at the HU-Beltsville
monitoring station. Figure 2.3.5 gives the concentration data that corresponds to this time. In the
sample from the College park site, we see a smaller range of particle sizes in comparison to the

HU-Beltsville site. Furthermore, the College Park Site exhibits maximum concentrations of
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~50,000 particles per cubic centimeter in the early samples, at low diameters. However, the MDE
the maximum concentrations reached are ~20,000 particles per cubic centimeter and occur at larger

diameters.
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Figure 2.3.3 Particle Size Distribution Time Series from College Park Sampling
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Figure 2.3.5 CPC Particle Count Comparison from HU-Beltsville Monitoring Station during
Particle Size Distribution Sampling

2.4 Discussion

When comparing the measurements taken at the MDE’s HU-Beltsville facility on a one-to-one
plot, the trends observed in the lab appear to hold. Figure 2.4.1 compares measurements taken
using the TSI 3776 Ultrafine Butanol and the TSI 3772 Butanol CPC’s. Here, we see that while
the 3772 is undercounting in comparison to the 3776, the difference is mostly within 10-25% and
the relationship is linear. The difference between the two ultrafine CPC’s is less linear in nature.
Figure 2.4.2 shows the one-to-one relationship of the two instruments simultaneous measurements.

The trend of water CPCs undercounting the Ultrafine Butanol still holds. However, the difference
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in concentration between the two instruments is larger. The majority of the Teledyne

measurements undercount the TSI 3776 by 10-50%. Furthermore, a sizeable portion of the

measurements from the Teledyne undercount the TSI 3776 by greater than 50%.
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Figure 2.4.1 One-to-One CPC Particle Count Comparison of TSI 3776 and TSI 3772 at from

HU-Beltsville Monitoring Station
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HU-Beltsville Particle Count Comparison TSI 3776 to Teledyne 651
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Figure 2.4.2 One-to-One CPC Particle Count Comparison of TSI 3776 and Teledyne 651 at
from HU-Beltsville Monitoring Station

In order to determine if there is substantial variation in the particle measurements of the
two locations, we need to compare data in Figure 2.4.2 to the data set that contains measurements
taken at the College Park facility and simultaneous concentrations reported by the MDE from the
HU-Beltsville site. By linearizing the two data sets and comparing the slopes, we can determine if

there is substantial variation between the instruments at different locations.
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Location Comparison Between Ultrafine Water & Butanol CPCs
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Figure 2.4.3 One-to-One CPC Particle Count Comparison of TSI 3776 and Teledyne 651 at
College Park and Beltsville Locations

The linear relationship between the data collected at the College Park Site and the data
from the HU-Beltsville air monitoring station is described by the equation 2.1 where x is the

number concentration reported by the TSI 3776 Ultrafine Butanol CPC and y is the corresponding
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concentration reported by the MDE at the HU-Beltsville site using the Teledyne 651 Ultrafine

Water CPC.

y = 0.4767x + 844.0925 (2.1)
When both instruments sample at the HU-Beltsville site, the equation becomes

y = 0.4795x + 572.8278 (2.2)

The difference in of the two slopes in equations 2.1 and 2.2 is 0.6%. This indicates that the two
slopes are nearly identical and the relationship between the Number of Particles counted by the
TSI 3776 Ultrafine Butanol CPC and the number counted Teledyne 651 Ultrafine water CPC is
independent of the location of the TSI CPC. The measurements were conducted on different days
at different locations, yet the slope is still the same. While it has been established that the number
concentration data reported by the MDE at the HU-Beltsville site may undercount the data
recorded by the TSI instruments, there appears to be little to no variation between the two locations

tested here.

In addition to our study of the relationship between number studies, we are also interested
in comparing our measured numbered concentrations to the mass concentrations of PMa.s reported
by the MDE. Figure 2.4.4 replots the concentration data from the HU-Beltsville facility (Figure
2.3.1) and adds the average hourly mass concentration of PM2s as reported by the MDE from the
HU-Beltsville site. Upon visual examination, it does not appear that any relationship exists
between the PM2sand any other data set. Another one-to-one plot is constructed to analyze verify
this. Figure 2.4.5 compares the PM2s mass concentration to the TSI 3776 Ultrafine Butanol
number concentration. Here we see that there seems to be no correlation between the data sets. An

attempt at linearization produces an R? value 0f 0.0042.
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Mass Concentration of PM2.5 as a function of Number Concentration Mar20-26
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Figure 2.4.5 Hourly PM2.s mass concentration at HU-Beltsville as a function TSI 3776 Ultrafine
Butanol CPC Number Concentration

Further examination of the particle size data given in Figures 2.3.3-2.3.5 give us some notion
of the relationship between the sizes of the particles and there measured concentration. For instance
in Figure 2.3.4, we see a decrease in particle number concentration between about 7 AM and noon
on March 27", During this same period, Figure 2.3.5 shows that there is a sharp increase in the
concentration of particles between 30 and 50nm. This could be describing a nucleation event.
Nucleation occurs when submicron aerosol particles cluster together and form large aerosol

droplets. As smaller particles cluster together to form more particles, the concentration of larger
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particles increase, while the total number concentration of particles decrease. In the atmosphere,
new particles are typically formed during the early morning hours and then nucleate throughout
the day (Kulmala 2003). The increase in particle concentration we observe between 4 and 7AM
could be the caused by the formation of new particles. This leads to nucleation events later on in
the day that cause the total particle concentration to decrease. Observations over longer periods of
time would be required to determine if this is the case here. Unfortunately, the size distribution
data gathered was limited in comparison to the particle concentration data gathered over the course

of this study.

2.5 Conclusion

Based on the results discussed thus far, it appears that there is little to no variation in aerosol
number concentration between the MDE’s HU-Beltsville facility and the College Park campus
located roughly 5 miles away. This is slightly surprising considering the wealth of emission
sources near and on the College Park campus and the location of the MDE- sampling site in an
empty field near a residential area. However, this does suggest that the MDE Air monitoring station
at HU-Beltsville is situated in a location where it can accurately report particulate matter levels for
at least a 5 mile radius. In order to determine true extent of this Air Monitoring stations coverage,
future studies should conduct field measurements at sites further from the HU-Beltsville site and
compare them to MDE findings. In addition, any future studies should attempt to compare the
mass concentrations reported by the MDE to other mass concentrations taken in the field. This
study has shown that there is no correlation between mass concentration and rea-time number
concentrations. Furthermore, future studies should also attempt to gather particle size data for the

entirety of the sampling time. This will enable the robust comparison of size distributions to total
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particle counts, making it easier for nucleation events to be identified. Thus far, all the
measurement techniques described in this chapter have been physical. However when dealing with
atmospheric aerosols, physical properties hold equal importance to chemical properties. The
number or mass concentration of an aerosol has much more meaning when we know its chemical
composition. It is also easier to point out phenomena such as nucleation because we know which
particles are more likely to participate in it. In the next chapter, we discuss the use a chemical
technique known as Raman Spectroscopy and its use in the measurement of black carbon

particulate matter.
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Chapter 3: Chemical Characterization of Aerosol Particles Using Raman
Spectroscopy

3.1 Overview

3.1.1 Black Carbon

Black Carbon (BC) is formed through the incomplete combustion of fossil fuels and
biomass. These soot particles are graphitic in structure. Prior to modification in the atmosphere,
they are comprised almost purely of carbon molecules, with negligible amounts of oxygen and
hydrogen (Andreae and Gelencser 2006). BC is a class of carbonaceous material similar to
elemental carbon (EC) and brown carbon (Curown) (Andreae and Gelencser 2006; Lack et al. 2014).
Elemental carbon is the defined as the carbonaceous material “thermally stable in an inert
atmosphere up to 4000K” (Lack et al. 2014). This term is often misused in literature to imply a “
near-elemental soot-carbon-like composition” (Andreae and Gelencser 2006). Cbrown IS the light
absorbing organic carbon in atmospheric aerosols of various sources (Andreae and Gelencser
2006; Lack et al. 2014). Often times in literature, the term “BC” is used to refer to all forms of
light absorbing carbonaceous material. For the purposes of this chapter, we will define BC as the

combustion byproducts described earlier.

In the United States, BC accounted for about 12% of the PM2.s emitted in 2005 (Hemby et
al. 2012). This is the equivalent of roughly 1.7 million tons of BC emitted into the atmosphere in
the U.S. alone (Hemby et al. 2012). BC is also associated with the negative health effects of PMz2.s
discussed in chapter 1, including respiratory and cardiovascular impairments. It is often emitted
with other harmful pollutants such as benzene, formaldehyde, polycyclic organic matter (POM)

and carcinogenic polycyclic aromatic hydrocarbons (PAHs) (Hemby et al. 2012).
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Combating the emissions of BC and other light absorbing carbonaceous materials is made
difficult due to their many sources. About 35% of global BC emissions are a result of biomass
burnings (Hemby et al. 2012). Biomass is also burned in homes to produce heat for cooking. Over
2 billion people around the world use crude biofuels such as wood, coal, and refuse in inefficient,
traditional stoves. making domestic sources the 2" largest source of BC emissions (Legros et al.
2009; Hemby et al. 2012). In more industrialized nations such as the United States, over 50% of
the BC emission comes from transportation sources (Hemby et al. 2012). Heavy duty commercial
vehicles powered by diesel are some of the largest contributors of BC. BC also has significant
environmental impacts. In chapter 1, it is mentioned that dark, light absorbing particles such as BC
have a net positive radiative forcing on the atmosphere. Small changes in its concentration can
lead to either positive or negative changes in radiative forcing (Haywood and Shine 1995). BC
particles also deposit on snow and absorb solar radiation that would otherwise be reflected by the
sun, leading to snow-melt and the rising of sea levels (Flanner et al. 2007). Light absorbing
carbonaceous materials such as BC are the predominant light absorbing compounds in the
atmosphere (Andreae and Gelencser 2006). Thus, monitoring the concentration of BC is essential

to understanding radiative forcing and climate change (Madhavi Latha and Badarinath 2003).

3.1.2 Chemical Measurement Methods

With the many sources, health risks, and environmental threats associated with BC, it is
essential to monitor the composition and number of BC aerosols. Several techniques exist to
measure BC and other carbonaceous materials in the atmosphere. For example, an aethalometer
can estimate atmospheric BC concentration by continuously measuring the light transmittance (at

a wavelength of 880nm) rate of change in absorption light of particles deposited on a glass fiber
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filter. From this, it can estimate mass of the BC deposited (Phairuang et al. 2019). Using the light
absorption aethalometer measurements at visible, ultraviolet, and infrared wavelengths, models
that differentiate between the sources of BC can be developed (Sandradewi et al. 2008). Another
technique is Multi Angle Absorption Photometry (MAAP). This method measures the radiation
that is absorbed and scattered from a particle loaded fiber filter at different angles, and can be used
to find the mass of BC particles (Andreas Petzold and Schénlinner 2004; Slowik et al. 2007). In
another method, Photoacoustic Spectroscopy, particles are irradiated using a laser source causing
an increase in acoustic pressure (Slowik et al. 2007; Patrick Arnott et al. 1999). The acoustic
pressure is then used to calculate the aerosol absorption coefficient and mass concentration of BC
(Slowik et al. 2007; Patrick Arnott et al. 1999). Infrared spectroscopy, specifically Fourier
Transform Infrared Spectroscopy (FTIR) has also been used in the characterization of BC particles.
In this process, particulate matter is gravimetrically sampled onto polytetrafluoroethylene (PTFE)
filter. The particles are then irradiated with light in the mid infrared range of 2,500 to 25,000nm
which is then absorbed by the particles molecular bonds at characteristic frequencies (Takahama
et al. 2019). The resulting spectra can then be used to characterize the organic and inorganic
functional groups that contain the irradiated molecular bonds (Takahama et al. 2019). The majority
of these techniques use optical, thermal optical, or acoustic methods to determine the BC fraction.
Few techniques characterize the chemical signature; of these Raman Spectroscopy has emerged as

a novel and viable method for on-line BC chemical identification.
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3.1.3 Raman Spectroscopy

Raman spectroscopy (RS) is an optical technique that relies on the inelastic scattering of a
monochromatic light source, typically in the visible range. RS is similar to infrared spectroscopy,
in that each measures vibrational frequencies of a molecule; these frequencies can be used to
identify compounds. RS has been successfully used to characterize biological material. Previous
studies include the compilation of a micro-fungi spectral library used to identify unknown micro-
fungal spores through direct comparison (Ghosal, Macher, and Ahmed 2012). RS has also been
used to characterize pollen samples from many different plant species (Ghosal, Macher, and
Ahmed 2012). In addition to biological compounds, RS has also been used in the characterization
of aerosols such as BC. RS provides chemical characterization of particles with higher sensitivity
than many techniques, but less than others such as mass spectroscopy. Its capability for chemical
speciation of a larger range of materials than available with most techniques, makes it an ideal tool
to characterize compounds made of several different molecules such atmospheric aerosols (Sze et
al. 2001). Raman spectra associated with BC molecules normally exhibit peaks, known as D and
G bands near 1320 and 1590 cm™ as a result of vibrations within the graphitic lattice of the carbon
molecule (Sadezky et al. 2005). The D bands occur due to the breathing mode, or expansion and
contraction, of sp? hybridized carbon atoms within a ring (Ferrari 2007). The G bands are a result
of the expansion of sp? hybridized atoms in chains and rings (Ferrari 2007). These peaks occur for
almost all forms of BC and make it a distinguishable molecule when analyzing Raman spectra of

aerosols.

The earliest studies of atmospheric BC using Raman spectroscopy date back to the late

1970’s (Rosen and Novakov 1977). In this project, BC particles were collected from diesel
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exhaust, automobile exhaust, and ambient air samples. The Raman spectra of these particles were
compared to known Raman spectra of activated carbon and polycrystalline graphite. Rosen and
Novakov found that the BC particles collected from their samples were physically similar to
activated carbon and were the predominant species in vehicle exhaust and ambient samples (Rosen
and Novakov 1977). These findings spurred further research into the Raman characterization of
BC, and other atmospheric aerosol particles (Ault and Axson 2017). For example, Jawhari et. al
collected several microscopic samples of commercially available BC analogs, characterized them
using Raman Spectroscopy and, established correlations between the spectra and the molecular
structure (Jawhari, Roid, and Casado 1995). Studies have also been conducted on the Raman
characterization of other carbonaceous aerosols. In one such study, various carbonaceous particles
were sampled onto quartz fiber filters (Sze et al. 2001). The Raman Spectra were then recorded
directly from the filters and the relative Raman intensities of the carbonaceous aerosols were
compared. These measurements, while unique, relied on batch collection of carbonaceous material.
Furthermore, these studies were unable to produce quantitative measurements regarding the size
and concentration of particles (A. Petzold et al. 2013). Recently, RS instruments have been built
to collect aerosol particles and measure their Raman Spectra in real time (i.e., typically 10 to 50
minute delay) (Doughty and Hill 2017; Grafen et al. 2015, 2018). However, only Doughty and
Hill study the Raman spectra of single particles. In both Grafen studies, the bulk carbonaceous
material was imaged using RS. A single particle analysis of BC allows for the determination of
aerosol mixing states and the effect on radiative forcing (Jacobson 2001; Sobanska et al. 2012). In
the Doughty and Hill paper, an automated Aerosol Raman Spectrometer (ARS, generic name),
known as the Resource Effective Bio-identification System (REBS), also more recently termed the

Rapid Enumerative Bio-identification System (REBS), developed by Battelle (Columbus, OH) is
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operated semi-continuously to collect aerosol particles and analyze their Raman Spectra (Doughty
and Hill 2017). Previous work has shown that a majority of Raman Spectra measured with the
REBS in urban locations exhibit the D and G bands that are consistent with BC (Doughty and Hill
2017). However, because the Raman cross sections of BC are high compared with the great
majority of other molecules, this information was limited and provided little to no information
regarding the size and concentration of the BC particles. If a correlation between particle size,
concentration, and Raman intensities can be established, RS will become significantly more useful
as a method to characterize the and physical and chemical nature of BC and other atmospheric

particles.

In this chapter, we explore the relationship between the size of BC particles and their measured
Raman intensities. We wish to determine if there is a correlation between the two properties and
if so, determine the minimum size of BC particles visible using RS. We recognize that this
correlation likely depends upon the type and form of the BC, such as whether the soot is fresh and
fractal, or processed through water and more dense. We also analyze the Raman spectra of ambient
air measurements in an effort to determine the BC composition of particulate matter in the area of
interest. We will rely on the REBS in order to obtain the Raman spectra of our samples. However,
the sampling procedure will be modified with instruments that allow us to measure size and
concentration of particles before they reach the ARS while also obtaining single particle deposition

of aerosols.

3.2 Methodology

Multiple sources of BC are used in the experiment. Initially, Printex® (Orion), a powdery,

ink-like BC analog was used as the BC source in this experiment. Printex® has been used in several
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previous biological studies into the health effects of black carbon (Heinrich et al. 1994; Gallagher
et al. 2003) It has also been previously characterized using Raman Spectroscopy (Jawhari, Roid,
and Casado 1995). However, since one of the primary sources of BC is burning of fossil fuels,
and unprocessed, fresh soot is highly fractal with a low density, experimental burns of different
materials were also used to generate BC particles. These materials included wax candles, gas

burners, charcoal, and cellulose.

Wet and dry sampling of BC was conducted in this study. In the dry sampling, a BC source
was put in a closed chamber. Clean air was supplied to either dilute the sample or provide oxygen
for the flame. An outlet line sent the particles to the rest of the instruments. In wet sampling, BC
aerosols were generated using a constant output atomizer. In this process, BC is suspended in water
and placed in a sealed bottle. Pressurized air is then blown in, and droplets that contain the particles
are sent out of the bottle, through a neutralizer, and into a heated pipe and dryer to remove any

moisture before the resulting particles reach the other instruments.

Regardless of their sampling method, particles were size selected according to mobility

diameter using the DMA (TSI 3080). Particles were size selected for mobility diameters between

100 and 500nm. The concentration of particles was monitored using the TSI 3787 Water CPC.
These instruments have been characterized and used extensively in the study of a wide array of
aerosols including BC (Novakov and Corrigan 1996; Slowik et al. 2007). Once the particles have
been size selected and the concentrations have been determined, the particles are then sent to the

ARS for the Raman spectra to be measured.

In the ARS, the particles are charged using a corona charger and drawn to a grounded,

metallized tape. Once the sample has been deposited onto the tape, it is advanced to the confocal
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objective where they are imagined using a line scanning Raman spectrometer. In a line scanning
spectrometer, instead of targeting a specific particle, a predefined sampling area is automatically
focused and imaged. In the confocal objective a 50mW laser at a wavelength of 640 nm is focused
into a single line on the sample tape with a width of 1 um and a length of 40 um (Doughty and
Hill 2017). As the laser is focused on the sampling tape, a 128x1024 pixel charged coupling device
(CCD) records the Raman scattering of the particles deposited on the tape (Doughty and Hill 2017).
The 40 micron length of the laser corresponds to roughly 40 of the 128 pixels of the CCD. Each
pixel targets an area of roughly 1pm x 1um. Since the width of the laser is also 1 micron, this
results in roughly 40 Raman spectra being taken in a single image. The tape is then advanced a
predetermined distance, and the laser line refocuses and images over the next sampling area. Since
particle deposition is random, particles can fall in the center of a pixel, or on the boundaries of one
or more pixels, depending on the particle size. The appearance of similar peaks in adjacent laser
lines within the same image is usually indicative of a particle that has fallen within the boundary
of two vertical pixels. The appearance of similar peaks at the same laser line in adjacent images
usually indicates particles have deposited within the boundary of two or more horizontal pixels. In
either case, the measured Raman intensities are summed in order to determine the Raman intensity
of the entire particle. However this summation of intensities may not be as accurate as the value
that would have been obtained from the ARS had the particle fallen within one pixel. The laser
refocuses after each scan which can cause slight changes in laser intensity and the measured Raman
spectra, even when the same particle is being imaged. Thus, even for particles of the same size,

slight variations in the measured Raman intensities is expected.

All of the instruments within this system are limited in terms of the concentration of

particles they can handle. Thus, a dilution flow of clean air is added to the system in order to limit
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the concentration of particles entering the instruments. The flow configuration of both the dry and
wet sampling are shown in figure 3.2.1 and 3.2.2.

ARS
5.0 LPM
Aerosol Chamber 1
Clean Air
-_— »le Dilution Flow
Figure 3.2.1 Flow Configuration of Dry BC Sampling
ARS
5.0 LPM
Clean Air Heater

;. Dryer ‘ .._

A 4
r

Dilution Flow

Figure 3.2.2 Flow Configuration of Wet BC Sampling

3.3 Results & Discussion

3.3.1 Control Particles

Before sampling BC particles we must first establish that the ARS is able to image

submicron particles of any composition. This was illustrated using polystyrene latex (PSL)
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spheres. PSL has been used extensively in aerosol research and has a known Raman spectra peak
location. The PSL particles used in this experiment were Nanosphere™ Size Standards from
Thermo- Scientific. These spherical particles are separated according to their mean diameter and
suspended in water. To aerosolize them, we added between 5-20 drops of the PSL solution to a
container of nano-pure water and placed it in our constant output atomizer apparatus. The mean

particle sizes sampled were 150, 300, and 500 nanometers.

Particle Deposition Map
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Figure 3.3.1 Raman Intensity Image of 300nm PSL Spheres with 7 particles selected
Figure 3.3.1 shows the deposition of 300nm PSL particles at a (in air concentration of about

100 particles per cm®) along the ARS sampling tape. Particles were sampled onto the tape for 30
minutes and then imaged for one hour. The y-axis is the vertical height of the laser while the x-
axis is the horizontal stepping distance along the tape. For each horizontal step, a Raman spectra

image similar to Figure 3.3.2 is obtained. In this image, the horizontal line represents the Raman
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spectra of the single micron of the laser line length from the particle deposition map. The spectra
are offset to prevent overlap and ensure the spectra are understandable. The horizontal axis or,
Raman shift, represents the frequency shift of the particle’s electrons as it is irradiated by the laser
within the ARS. The Raman shift of a particle is dependent upon its molecular structure. If a
particle is present in the imaging area, a peak should appear at an appropriate Raman shift. For

pheny! hydrocarbon compounds, such as PSL, a sharp peak can be seen at about 1000 cm™.
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Figure 3.3.2 Single Raman spectra taken during sampling of 300nm PSL particles
The PSL particles in this study are spherical, of known diameter, and have also been size

selected according to their mobility diameter using the DMA. Thus, the particles are assumed to
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be identical and should have the same Raman intensities. In order to verify this all of the Raman
Spectra consistent with PSL are plotted together and their Raman intensities are compared in

Figure 3.3.3.

300nm PSL Raman Spectra
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Figure 3.3.3 Raman Spectra Comparison of 300nm PSL Nanospheres (images from 7 particles
selected in figure 3.3.2)

In this figure, we have all of the readable Raman spectra for the 300nm PSL sample plotted
against one another. We see there are variations in the Raman intensity at the characteristic PSL
peak at 1000 cm™. However, these variations change by a factor of 5 from 0.005 to 0.025. These
relatively small deviations suggest that there is considerable agreement amongst the Raman

intensities of PSL and that we are likely imaging submicron particles.

3.3.2 Dry BC Sampling
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Using the dry sampling process depicted in Figure 3.2.1, we initially examined the Raman
spectra of Printex® particles and ambient air. Particles were again mobility size selected for
300nm, collected for 30 minutes, and imaged for one hour. Figure 3.3.4 shows the deposition along
the ARS sampling tape for the Printex®. In both cases, adequate deposition is achieved and Raman
spectra that exhibit the D and G bands associated with BC are obtained at near 1300 and 1600cm’

! respectively.

300nm Printex Particle Deposition Map _
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Figure 3.3.4 Raman Intensity Image of 300nm Printex® Particles

In Figure 3.3.5, we see quite a few D and G peaks meaning more than one particle is within
the area of this scan. We also see that unlike the PSL, the peaks span across multiple laser lines. If
peaks appear on the same laser line, and in consecutive images, this indicates that a particle may

have fallen on the boundary between the steps of the laser. In cases like these, such as in Figure
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3.3.5 the intensities across all images are summed together to give a more accurate representation

of the particles intensity.
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Figure 3.3.5 Single Raman spectra taken during sampling of 300nm PSL particles

Unlike the near uniformity of the PSL spheres, the Raman spectra of the Printex® particles
exhibit larger variations in Raman intensity. Figure 3.3.6 shows that for mobility size selected
particles, Raman intensities vary by more than a factor of 10. Variations in the Raman intensities

of the air sample (See Appendix) are expected due to the unknown composition of BC in ambient
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air. However for Printex®, differences of this magnitude, for particles that have been mobility size
selected for 300nm, were surprising. This indicates that agglomeration of particles has occurred.
This is confirmed when we use a scanning electron microscope (SEM) to view the ARS sampling

tape with Printex® deposited on it.

300nm Printex Raman Spectra

0.14 1

0.12 1

0.10 1

0.08 -

0.06 1

0.04 1

Raman Intensity (arb. units)

0.02 1

TN . - .
. S B

0.00

500 10'00 1500 20'00 2500 3000

Raman Shift (cm ™)

Figure 3.3.6 Raman Spectra Comparison of 300nm Printex®
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Figure 3.3.7 SEM Photograph of 300nm Printex®

Figure 3.3.7 depicts a Sample of 300nm Printex® that had been size selected for 300 nm
particles. Here we see that particle size is not uniform. There are several Printex® agglomerates
present, with some even larger than 1 micron. In an effort to mitigate this agglomeration issue
within our system, we decided to sample black carbon from freshly burned material and compare
the Raman spectra of these particles to those of Printex®. We chose to burn coal, wax candles, gas
burners, and cellulose. Of those burns, only the cellulose and wax candle produced detectable
particles. The burn particles were size selected for 300nm and 500nm respectively. In this case
particles were sampled for 15 minutes and imaged for another 15 minutes. In each case, the Raman
spectra showed less variation than that of the Printex®. However, only 2 particles were deposited
in each of these samples, making it difficult to compare them to Printex® and resolve the

agglomeration issue.
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300nm Wax Candle Burning Raman Spectra Particle Deposition Map
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Figure 3.3.9 Raman Intensity Image and selected Raman Spectra of 300nm Size selected Wax
Candle Burn Particles
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Figure 3.3.10 Raman Intensity Image and selected Raman Spectra of 500nm Size selected
Cellulose Burn
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3.3.3 BC Atomization

Printex® appeared to be having issues with agglomeration using our dry sampling
technique. Thus, we decided to use the same wet atomization technique used for PSL spheres.
Forty milligrams of Printex® was mixed with 250 ml of nano-pure water to create a stock solution.
Portions of it were then severely diluted in order to produce desirable number concentrations of
Printex® particles and analyze the Raman spectra of 100, 200, and 300 nm mobility size selected

particles.
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Figure 3.3.11 Raman Intensity Image of 300nm Atomized Printex® (random particles selected
in white)
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300nm Printex Raman Spectra
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Figure 3.3.12 Selected Raman Spectra of 300nm Atomized Printex® Particles

Figure 3.3.13 SEM Photograph of 300nm Atomized Printex® Particles at scales of 10um (A)
and 1um (B)
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Figure 3.3.11 shows the particle deposition for 300nm mobility size selected particles of
Atomized Printex®. The map is noticeably longer because the imaging time was increased from
one to three hours to analyze a larger area of the tape. Initial image times of 30 minutes did not
capture any Raman Spectra of the Printex® particles. Figure 3.3.12 presents a few of the spectra
gathered from the images. We see that not only has the magnitude of the peak height decreased
but the variation has as well. However, these are only a few of the spectra within the large sample,
a rigorous comparison of all spectra is need to determine the similarity between the measured

intensities.

The SEM photographs in Figure 3.3.13 show that the particles are much smaller than those
obtained from the dry sampling. While they are not uniform at 300nm, there appear to be no super-
micron particles. It is also essential to note that these particles have been size selected according
to their electric mobility. SEM images are taken by placing a specimen between two cathode ray
tubes (Leamy 1982). As one cathode bombards the sample with a focused beam of electrons, the
other detect the disturbance and builds and image of the sample (Leamy 1982). This leads to SEM
images being heavily influenced by the physical characteristics of the sample. This is largely
different from the DMA which size selects according to electrical mobility and due to charging
that occurs within the instrument, a small number of multiply charged particles is produced and
the resulting aerosol is not monodisperse (Tavakoli and Olfert 2014). If the particles were
spherical, as is the case with PSL, then the two diameters would be equivalent. BC however, is not
spherical and characterized by its graphitic structure. Thus the mobility diameter measured by the

DMA and the physical diameter given by the SEM would not be expected to agree.
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3.4 Conclusion

In this chapter we set out to establish a quantitative relationship between the measured
Raman intensities of submicron BC particles and particle size. While we were unable to
definitively state the relationship between the size and Raman intensity of BC particles, we are
able to detect Raman spectra that appear to be consist with BC between 100-500nm mobility
diameters. We also established that wet sampling of BC appears to yield more consistent BC
size. Given the non-spherical nature of BC, future studies should size select BC particles that use
sampling methods or instrumentation that account for their physical characteristics. One such
instrument is the Aerodynamic Aerosol Classifier (AAC). This instrument size selects particles
according to their relaxation time which can then be used to find the aerodynamic diameter,
which does not assume particles are spherical (Tavakoli and Olfert 2014). This will lead to the
production of a truly monodisperse aerosol. If the BC particles are truly uniform in size, we
could definitively state that particles are indeed BC using RS and quantify the relationship

between size and Raman intensity.
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Chapter 4: Conclusions and Future Work

4.1 Conclusions

In this thesis, we studied various methods for measuring the physical properties and chemical
composition of atmospheric aerosols. Increased emissions of particulate matter pose a significant
threat to global human and environmental health. Their plethora of emission sources and ability
travel extensively makes them difficult to measure and mitigate. This is why we rely on regulatory
agencies such as the EPA and their regional counterparts to monitor air quality. We used our
instruments to gather local particulate matter concentration data and compared it to the regional
values reported by our state environmental agency, the MDE. We found that while the MDE CPC’s
undercount particles, there is no significant variation in the particle number concentration between
the two locations. This indicates that the MDE is well situated to determine regional concentrations
within at least a 5-mile radius. We also found that there is no correlation between the mass
concentration of PM2.s reported by the MDE, and the simultaneous number concentration obtained
from the CPC’s. This is as expected since the particle number distribution is skewed towards the
smaller particle sizes, sizes which are not even considered in mass distribution. These smaller
particles are the most detrimental to human health and the environment. Continued reliance on
mass concentration to report on the amount fine particulate matter will result in continued
underestimations. This study also briefly observed the effect of particle size on concentration in
the form of a nucleation event. Observing physical atmospheric interactions, such as nucleation,
will allow for a better understanding of how aerosols behave and could lead to solutions as to how

we can prevent their harmful effects.
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The chemical composition of aerosols is also essential to monitoring atmospheric particulate
matter levels and their potentially hazardous effects. In this thesis, we examined BC in particular.
BC has no lack of emission sources and its status as a carcinogenic and radiative forcing molecule
make it an aerosol that must be physically and chemically characterized extensively. We presented
a method to find a quantitative correlation between the size of a BC particle and its measured
Raman intensity. The semi-continuous nature of the ARS provides chemical information about the
compound from the Raman Spectra in real time (delay of 10-50 minutes) as opposed to other

currently used chemical characterization techniques.

While we were unable to identify a direct correlation, by size selecting BC particles, and
imaging them with the ARS we were able to establish a minimum threshold mobility diameter of

100nm for the detection of BC particles with RS.

4.2 Recommendations for Future Work

The work presented in this thesis has several areas that could be expanded upon. To begin, the
regional particle concentration reported by the MDE should be compared to local concentrations
further and further away from the monitoring site. This will allow for a boundary to be established
for the station. Outside of its boundary, the air quality data reported by a monitoring station would
not be accurate. This would create regions for air quality monitoring stations that provide its
inhabitants with much more accurate information as opposed to relying on one station to report
data for each county. Future comparisons of local and regional data should also obtain particle size
distribution data in order to ensure a robust comparison of particle size. The current results from
the comparison between Raman intensity and BC particle size look promising. However, a

monodisperse aerosol would likely make it easier to identify the correlation between the two, if
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there is one. Studies show that the AAC currently has the capability to size select particles and
release a monodisperse aerosols thanks to its measurement principles that do not rely on the
assumption of spherical particles (Tavakoli and Olfert 2014). A change in the source of BC used
in this experiment might also yield new findings. The burns conducted in this thesis did not
produce many particles that were visible using RS. Many studies have used RS to characterize the
emissions of vehicle exhaust lines (Malmborg et al. 2019; Ge, Ye, and He 2019). An exhaust line
from a vehicle or its engine could be run into our system to get a constant source of dried BC

particles.
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Appendix A: Additional Figures from Field Measurements
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Appendix B: Additional Raman Spectra Images
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