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Foreword

The research began several years ago with the infrastructure of the main
experiment. The development of custom-built differential mobility analyzers as well
as coating apparatus took several years to properly understand and control the ebbs
and flows of the system. Understanding pressure gradients, flow trains, how to cut
stainless steel tubing, etc. took years to properly get a handle on. After the plumbing
and DMAs were built, soot generation was the issue. Learning to properly handle the
soot and move the soot took time and was finally mastered. Coating then became the
issue. Several iterations of the coating apparatus appeared over the years and finally,
in the summer of 2009, a final design was agreed upon. That design is detailed in
Chapter 3. The final step was the analysis portion. This was the key to the puzzle.

As with most situations in life, “you can’t always get what you want, but if
you try sometimes, you might find, you get what you need” (Rolling Stones et al
1969). Acquiring an analysis instrument was difficult, but in the fall of 2007
collaboration with Dr. Joseph Hodges and Dr. Keith Gillis at the National Institute of
Standards and Technology, Gaithersburg, MD was developed. Drs. Hodges and
Gillis had built a first principles photoacoustic spectrometer and wanted to expand
their work with gases to aerosols. This was a perfect opportunity for our expertise
with aerosols to mesh with their expertise with photoacoustics. With the help of Dr.
Daniel Havey, the PAS system was expanded and photoacoustics was found to be the

perfect complement to the aerosols production that was developed over several years.

i



Dedication

I dedicate this work to the most important people in my life. Julia, my
beautiful wife, Simon, my eldest son, Jude and Felix, my middle sons and to Violet,
my daughter, this is for you. For no other reason would I undertake this toll, if not to
make your lives a little better. Ilove you.

And to my mother, father, in-laws and family, this goes out to you as well.

Your support and love made me the person I am. Thank you.

iii



Acknowledgements

I would like to thank the support and mentorship from my advisors Professors
Michael R. Zachariah and Russell R. Dickerson. 1 began at the University of
Maryland as a student working for Russ, only knowing I wanted to do something that
would help mankind. Atmospheric chemistry seemed like a good vehicle for this
goal. Russ’s direction and instruction helped me develop the critical thinking skills I
would need to conduct my research and allowed me the creativity to keep my
research interesting. In year 2 of my graduate career, Dr. Zachariah entered the
picture as my co-advisor. Due to the nature of the work, I transitioned over to Dr.
Zachariah’s group in order to learn the skills necessary to build and conduct high
quality aerosol research. Under the direction of both Drs. Dickerson and Zachariah,
the two worlds of atmospheric chemistry and aerosol physics combined in order to

produce the work detailed herein.

I would also like to thank Dr. George W. Mulholland for his extensive
mentoring and dedication to making this work quality work. Dr. Mulholland was in
no way required to spend the amount of time he did with me and I am forever
grateful. Dr. Mulholland’s tutelage and knowledge of smoke (i.e. soot) was

indispensible and I can only say “Thank you George.”

Furthermore, I would like to acknowledge and thank Drs. Joseph T. Hodges,
Keith A. Gillis and Daniel K. Havey for their collaboration and accessibility to the

breadth of their spectroscopic experience. Joe, Keith and Dan opened up a new world

v



to me, without them this work could never have been completed. Dan, not only were
you my guide when learning photoacoustic spectroscopy, but you are my friend. I
would also like to thank Dr. James Whetstone at the National Institute of Standards
and Technology. His willingness to help me acquire the necessary to tools to

complete my work will not be forgotten.

I would also like to acknowledge all the professors who took the time to teach
me something I didn’t know (which is a lot). I may never take a class again, but the

lessons learned will not be lost.

Professors John M. Ondov, Neil V. Blough and Sheryl H. Ehrman, thank you
for serving on my committee and holding me to the standards by which the University

of Maryland deems necessary to be awarded the degree of Doctorate of Philosophiae.

Thank you to my friends and colleagues at the University of Maryland and the
National Institute of Standards and Technology. Your companionship has been

invaluable.

And finally, I would like to acknowledge the Department of Energy’s
National Institute for Global Environmental Change Prime Award # DE-FCO02-

03ER63613 for the financial support that made this research possible.



Table of Contents

FOTEWOT ...ttt ettt e i1
DEAICATION ...ttt ettt ettt et e st e bt s e e beesaaeene e iii
ACKNOWIEAZEMENLS ...ttt sttt e et e e beeeaaeeens v
TabIE Of CONENLS ...c...eiiiiiitiiiieeieet ettt ettt sttt ebeesaaeeae e vi
LSt OF TADIES ..ot viil
Chapter 1: INtrOAUCHON ........eieiiiieciieeciee ettt et eeereeeaaeessreeessaeeesaneeenns 1
1.1 Global Climate Change.............ceeiueeeriiieriiieeeiieesiee ettt 1
Lo 1.1 OVETVIBW ..ttt et et et ettt e 1
1.1.2 AtmOSPheriC FOTCING .......cooouiiiiiiiiiiiiiiieeieete et 1
1.2 Interaction of Light with Gases and Particles ..........ccccoevvveeeiiieiniiecciieeieee, 5
1.2.1 AtMOSPRETIC GASES ....eeeuvrieiiiieiiiieeiteeeite ettt ettt e et e st e st eesbee e 5
1.2.2 AtmOSPhEriC PartiCles ........cccueeeiiieeiiieiiiieeiieeciee et 7
L3 FLULES....ceeiiieeiiteeete ettt ettt ettt e et e et e st esabe e e sabaeenaes 10
Chapter 2: Experimental MOtIVAtION ......ccccueeeiiiiiiiieiiieeniieeeieeeeieeeeieee et 15
2.1 GIeeNNOUSE GASES ...ccuveiruiiiiiieiiieiie ettt ettt ettt esaneeas 15
2.2 GreenhouSE ACTOSOLS ....coiiiiiiiiieiiieeeie ettt 15
2.3 FIGUICS...ceeutieeiiie ettt ettt e ettt e et e e et e e et e e st e e e tbaeesaeeesseeenssaeensseesnseeennseeennses 18
Chapter 3: Experimental Methods ..........coocuieiiiiiiiiiiiiiieiieecceeeeeceeeeee e 19
3.1 Particle GeNeTatioN. ......c..eiiuiiiiiiniieiieeite ettt ettt 19
3.1.1 Diffusion FIame .........coooiiiiiiiiiiiiiiiiceicee e 19
312 ALOMUEZAION. c...eiiiiiiiieiieeiieeete ettt ettt ettt e s e e 21
3.1.3 EIECITOSPIAY ..veeiuevieiniiieeiieeeitee ettt ettt et e st e sttt e st e e sabaeesabee s 22
3.2 Particle TranSPOIt......cccveeeieiieeiiieeiteeeiieeeeieeesieeesreeesaeeesaaeeeeaeesssreesnseeesnseeennnes 23
3.2.1 SOOt TTANSPOTIT.....eeeiirieeiiieeitee et et e et e et e et e et e et e sbteesateesabeeesaneeas 23
3.2.2 PSL, Gold and Sucrose TranSport.........cccceecuveerveeerieeerveeenieeeieeesneeesneens 24
3.2.3 Experimental Considerations ..........ccceevueeeriieenieennieenieeesiieesieeesneee e 25
3.3 Particle Classification and Metering...........ceccvveerveeerieeenieeenieeereesieeesveeenenes 25
3.3.1 Differential Mobility AnalySiS........ccccevvuiiiriieiniieiiiieiieeeieeeeee e 26
3.3.2 Mobility Diameters, What Do They Really Mean?...........ccccccoveeniienennn 29
3.3.3 Condensation Particle COUNLET ..........coccueiiriiiiniieiiieeieeeieeeeee e 31
3.3.4 EIECIIOMELET «...coueteitieiie ettt ettt ettt sttt et st e e 32
3.4 Particle ANALYSIS .....ooiiuiiiiiiiiiiieeeiteeeie et 32
3.4.1 Photoacoustic Spectroscopy: History and Theory ..........ccccceveeeveercnveennnenn. 33
3.4.2 Photoacoustic Spectrometer Details ..........cceeevveeiniieinieeniieenieeeieeeenn 34
3.4.3 Photoacoustic Spectrometer Data Collection............cccccveeevieeecieercneeennnnn. 40
B FIGUIES. ..ceiniiieiitte ettt ettt ettt e et e et e st e et e s e e eane 44
Chapter 4: Standard Photoacoustic Spectrometer: Measurements of Greenhouse
(Gases AN ACTOSOIS ..cc.uviiiiiiiiiiieete ettt 58
4.1 INEEOAUCHION ...ttt ettt ettt ettt e bt e st e b e saaeens 58
4.2 Experimental APPAratus.........ccc.eeerueeerieeenieeriieeeiteeeiteesieeesireesbeeesseeesseeenas 62
4.3 EXPETIIMENLS ..eeuvvieeieieeeiieeeieeeeieeesieeesteeeseteeessseeessseesssseessssesssseesssessseesssseeenns 62
A4 RESUILS ..ttt ettt sttt ettt et 63

Vi



4.5 CONCIUSIONS ....coiitiiiieee ettt ettt eeee e e e e e ettt s erreeseeeettaaaaesseeeerssaannnes 71

4.0 FIGUIES....eeeeiiieeiieeeiiee ettt ettt e et e et ee et ee et e e sssaeeessseesnsseesnsneesnseeennseeenns 73
Chapter 5: Direct Measurement of the Absorption Cross-Section of Uncoated and
Coated Soot by Photoacoustic SPeCtrOSCOPY ....vveeruveeervreerieeerireeeireeeireeereeesneeenneens 80

ST INErOUCHION ...ttt ettt e 80

5.2 EXPIIMENTAL.....cciiuiiiiiiieeiiie ettt et et e e e e aae e et e e enseeesnseeennns 83

5.2.1 Experimental OULINe ..........cceevvuiiiiiiiiniiieiieeee e 83
5.2.2 SO0t GENETALION ......eeeuiiiiiiiiiieeiteite ettt ettt ettt 84
5.2.3 Size ClassifICAtION. ....c..ervuiiriiriieriieeeeieeeee et 84
5.2.4 Translating Mobility t0 MassS........ccccueeriiieriieeiiieeriee e eie e svee e 87
5.2.5 CoAtNG SYSLEIML ....eeiuvveieiieeeitee ettt ettt e et e et e st e st e e sieeesabeeesabeeas 92
5.2.6 PhotoacouStiC SPECITOMELET .......ccvueeriieriieeiieiieeieeite ettt 94

5.3 RESUILS .t 94

5.4 CONCIUSIONS ...ttt ettt sttt et e st e bt e saeeeeees 107

S5 FIGUIES ..ottt ettt e et e et e et e st e e st e e s bee e e 110
Chapter 6: CONCIUSIONS .......vieiiieeiiieeeiieerieeeeieeertee et e e eireeeeaeeeaaeesaeeesseeesnseeennnes 123

6.1 SUMMATY ...ttt et e et e st e e sbee e sabeee e 123

6.2 FULUTE WOTK ...ttt 124
APPEIIAIX .ttt ettt ettt e st e st s e e st e e abeeeeanee 126
REEIENCES ...t 127

Vil



List of Tables

Table 4.1. Some literature PAS detection limits of comparable magnitude are
tabulated. The sensitivity of PAS instruments for measuring aerosol particles is
sample limited not instrument limited. Further, gas sample performance metrics
should not be used for predicting aerosol sample capabilities and vice versa.
“Authors understate their capabilities; see Kosterev et al. Detection limit
calculation assumes a peak-to-peak power of 8 W with square-wave modulation
and is converted to a 10 value for comparison against the present work and
published values by Arnott et al.**

Table 5.1: Fraction of singly and doubly charged particles for both the SDMA and
TDMA experiments.

Table 5.2: Combined average mass diameter for the singly and doubly charged
particles for both SDMA and TDMA experiment.

Table 5.3: Total experimental uncertainty percentages

viii



List of Figures

Figure 1.1: Taken directly from Trenberth et al.’. A summary of the Earth’s
energy budget showing a net positive forcing indicating global warming.

Figure 1.2: A 150 year trend in greenhouse gases (CO,, CHy, N;O and Montreal
Protocol trace gases (MPTGs)) showing a clear increase since the Industrial
Revolution. Adapted from Hansen and Sato.’

Figure 1.3: Modeled effects of doubling the atmospheric [CO,] based on an
initial concentration of 291 ppm in 1880 on the forcing (A) and on the predicted
equilibrium global temperature (B) which is based on the predicted temperature
change over the 120 year time span given the initial starting condition of the
[CO;]. Adapted from Hansen et al.”

Figure 1.4: Mechanisms of light interaction with particles explored in this work.
Based on work of Seinfeld and Pandis.?

Figure 1.6: Line profiles for Doppler (solid line), Lorentz (large dashed line) and
Voigt (dotted line) profiles. This is taken from Thomas and Stammes. °

Figure 2.1: Estimated emissions of black carbon (soot) over the previous 125
years from Novakov et al.'?

Figure 3.1 Schematic of a ‘“‘Santoro Style” laminar diffusion flame burner used
in all soot experiments.

Figure 3.2: Photograph of laminar diffusion flame burner.
Figure 3.3: Schematic of a TSI Model 3076 constant output atomizer.
Figure 3.4: Schematic of a TSI Model 3480 electrospray.

Figure 3.5: Basic experimental set-up including particle generation systems,
single DMA column, an aerosol charger, condensation particle counter and a
data acquisition system.

Figure 3.6: Schematic of a TSI Model 3081 DMA column.

Figure 1.7: Photograph of custom built differential mobility analyzer using a TSI
Model 3081 long column.

Figure 3.8: A graphical representation of the transfer function for a DMA. The
probability that a particle has a specific Z, is along the y-axis and the Z, in
question is along the x-axis.

Figure 3.9: Schematic of TSI Model 3025A condensation particle counter.
Figure 3.10: Schematic of a TSI Model 3068 electrometer.

Figure 3.11: Schematic of photoacoustic resonator with dimensions included.

X



Figure 3.12: Photograph of the photoacoustic cell used in these experiments.

Figure 3.14: Measured acoustic resonance (red line and markers) and fit (blue
lines and markers) to complex resonance function corresponding to laboratory
air at T = 300 K, p = 98.5 kPa. Fitted values include f) = 1638.22 Hz and g = 29.2
Hz. Upper panel: u and v measurements (symbols) and fits (lines). Bottom panel:
fit residuals for u and v components."'

Figure 4.1. A schematic of a simple PAS experiment using the NIST
spectrometer is shown.

Figure 4.2. An acoustic resonance fit for CO, yielding f, = 1273.6 Hz and Q =
28.8 is presented. The complex resonance function
_Af
fr=(f, +ig N F11)?

et al!

X +iy= +B+C(f - f) was fit to the data as described in Gillis

Figure 4.3. Power normalized Allan deviations (square root of the Allan
Variancelz) are shown for absorption measurements at line center of the P P9)
transition at 13,091.710 cm’ in the O, A-band at 300.0 K and 100.8 kPa (blue)
and for 100 nm + 1 nm soot particles at 100.3 kPa and 295.9 K (red).
Measurements of the O, A-band utilized a 765 nm single-mode external cavity
diode laser with peak-to-peak modulated power of ~ 3 mW; soot aerosol
measurements utilized a 405 nm multimode diode laser with ~ 200 mW of peak-
to-peak power. Instrumental detection limits for 60 s averaging times are 4x107™"°
Wem'™ for gases and 2x10”° Wem™ for aerosols.

Figure 4.4. Differences between measured and modeled absorption coefficients
for measurements of two CO, transitions within the (3001)<—(0001) combination
band are presented. Modeled absorption coefficients utilized Voigt profiles with
the line parameters of Toth et al.® PAS measurements were made on humidified
CO; at 298.9 K and 99.88 kPa with signal-to-noise ratios of ~1800:1 for 2 mW of
peak-to-peak modulated laser power. Presented error bars correspond to
relative combined standard uncertainties (outer bars) containing contributions
from random components (inner bars) and systematic uncertainties in system
constant,11 temperature, pressure, and power.

Figure 4.6. Measured relative changes in absorption coefficient are presented
for measurements of 150 nm and 200 nm soot particles coated with < 10 nm
thick shells of dibutyl phthalate (DBP); this is the smallest amount we can

currently apply. Presented uncertainties correspond to ©Zmeasured T where
n

G0Omeasured 1S the standard deviation of the measured absorption coefficient and n
is the number of observations.



Figure 4.5. Measured PAS signals normalized for power and counts are shown
for flowing samples of 100 nm + 1 nm soot particles. A coincidence correction to
measured particle concentrations was performed to account for particle
shielding effects in a condensation particle counter by iteratively solving the
Ny

Ny

is the true particle concentration, N, is the measured particle concentration, q is
the volumetric flow rate, and t. is the measurement time for a condensation
particle counter. Our measured long-term (5 h) 16 measurement precision is
1.5% despite dynamic soot particle number densities

=e (=Nrqt,)

equation until results converged to better than 0.5%'*; here Ny

Figure 4.7. Minimum detectable average DBP coating thickness on 100 nm soot
particles as a function of peak-to-peak laser power is shown. ‘“Current Data”
point represents the typical operating conditions, ~60,000 particles-cm3 and 0.2
W peak-to-peak power, utilized in the present work. Lorenz-Mie theory
calculations for coated spheres were performed using the code of Bohren and
Huffman.'® We assumed m; = 1.55 + 0.8i and m,=1.5 + 0i for the complex index
of refraction for soot and DBP, respectively. Predicted absorption
enhancements over a range of shell thicknesses were calculated for samples of
10°, 10°, and 10’ particles‘cm'3 and compared against our measured detection
limit of 0yinWpp = 2x10° W-em! for a 60 s averaging time.

Figure 5.1: Comparison of climate forcing from IPCC for several greenhouse
components. Note that absorbing aerosols are lost within the total aerosol and
the nearly 100 % uncertainty on the aerosol bar.

Figure 5.2: Transmission electron micrograph of a soot agglomerate denoting
fractal structure of soot.

Figure 5.3: Possible mixing states of absorbing aerosols in the atmosphere as
proposed by Jacobson 2003.

Figure 5.4: The SDAM and TDMA experimental set up as used in this study.
Soot can follow two different paths after size selection with DMA;. Soot can pass
through a second aerosol neutralizer for uncoated measurements or can pass
through the coating apparatus and then DMA, for PAS analysis. Both paths
ultimately arrive at a CPC for counting. The SDMA experimental set up is the
same with the exception of the second neutralizer and second DMA.

Figure 5.5: Particle distributions for 100 nm uncoated soot (solid thick line) and
multiple representative coated soot distributions (dashed lines) during the
SDMA mode. Each set of dashed lines is a different coating thickness for the
same core size. Inset shows the full flame distribution measured using a single
DMA.

X1



Figure 5.6A: 100 nm size selected soot that was run through a TDMA system
with two neutralizers. The notation 2 — 1 indicates an initially doubly charged
particle (2) is now a singly charged particle (1).

Figure 5.6B: 150 nm size selected soot that was run through a TDMA system
with two aerosol chargers in place.

Figure 5.6C: 200 nm size selected soot that was run through a TDMA system
with two aerosol chargers in place.

Figure 5.7: Fit for Mie and RDG theory at 1.51 + 0.9i (and also 1.55 + 0.8i for
RDG) as well as the experimental SDMA and TDMA measurements for the
absorption efficiency per aggregate volume with respect to the sphere equivalent
diameters. The fit at 1.51 + 0.9i agrees with the experimental data measured.

Figure 5.8: MACs for the experimentally measured data in contrast to the
theoretical MACs (orange line) versus the average d.;. Solid squares are
SDMA and open squares are TDMA experimental data. The values denoted with
the single * refer to the values in Bond and Bergstrom (2006) of 1.5 to 25.4 m2/g
and the value denoted with the double ** refer to the values in Choi et al. (1995)
of 10.1 m%/g, Slowik et al. (2007) of 13.3 m*/g, Zhang et al. (2008) of 11.4 m%/g
and are specifically those of diffusion flame soot and have been adjusted to
match the wavelength used in this experiment (405 nm).

Figure 5.9: C,;; with respect to the coating thickness amplification for both the
SDMA (solid squares) and the TDMA (open squares).

Figure 5.10: Modeled and experimental amplification of C,; due to a non-
absorbing coating with respect to the coating thickness amplification. The
dashed lines are extremes in the indices of refraction (2.0+1.0i and 1.3+0.3i) and
the solid line is the index of refraction assumed for this soot (1.51+0.9i). The
solid squares are the SDMA data and the open squares are the TDMA data.

Figure 5.11: TEM micrographs of 150 nm mobility size uncoated soot (upper
quadrants) and 150 nm mobility size soot coated with approximately 100 nm
thick DBP shell (lower quadrants).

Xii



Chapter 1: Introduction

1.1 Global Climate Change

1.1.1 Overview

The Earth’s energy flow is a balance of shortwave solar energy impinging on
the Earth’s surface and consequential longwave reradiated energy leaving the Earth’s
surface. This balance has its natural ebbs and flows and is influenced by many
factors such as cloud coverage, land types and human activity. Under normal
conditions equilibrium exists between the energy in and the energy out. This balance
affects and controls weather and climate. But when there is a perturbation, this
equilibrium is shifted. Since the industrial revolution, human progress has been the
largest perturbation to this energy balance®.

The energy flow is typically estimated at two locations, the top of the
atmosphere (TOA) and at the Earth’s surface. These estimates are based on satellite
measurements as well as ground-based measurements. At the TOA, the measurement
of incoming shortwave radiation is based on the amount of energy incident on the
TOA less the reflected shortwave energy (by clouds, for example). In order to
maintain the total equilibrium, the incoming shortwave solar energy is balanced by
the surface-atmosphere reradiated longwave energy. The solid Earth acts as a
blackbody radiator where the energy absorbed is reradiated as long wave (thermal)
energy. A blackbody radiator is a mass that radiates a maximum amount of energy
per wavelength (L) at a given temperature. This characteristic is independent of the

make-up of the emitter. This energy output is a function of A, absolute temperature



and surface area of the emitter. The counter balance to this blackbody emission is
that a blackbody also absorbs all energy that impinges on it. The solid Earth can be
approximated as a classic blackbody radiator.

The energy that is reradiated by the Earth is then trapped by the atmospheric
blanket surrounding the Earth. The atmosphere, comprised predominantly of N, O,
and a myriad of other gases (e.g. CO,, Ar, CH4, H,0, O3 etc.) traps much of the
longwave radiation that the Earth re-emits. The atmosphere’s ability to trap Earth’s
emitted energy creates an energy forcing. The forcing is defined as the difference in
the flux of energy at the TOA with and without the greenhouse components. The
greenhouse components are comprised of gases and particles that interact with the
incoming and outgoing radiation. The greenhouse components have a tendency to
trap longwave radiation emitted by the Earth and scatter or transmit the incoming
solar radiation. This forcing, however, requires that there be a net zero energy flow at
the TOA and at the Earth’s surface. This trapped energy allows life to continue as
understood. A cartoon of this balance is seen in Fig. 1.1, Trenberth et al.’ have
condensed the Earth’s energy flow system into a succinct set of paths, incoming and
outgoing.

Of notable importance in Fig. 1.1 is the net absorbed energy by the Earth.
That net absorbed energy is 0.9 W/m® a positive value indicating the Earth is slowly
warming. More energy is trapped in the atmosphere than is released. Whether this
net increase over the last many years is due to a natural cycle or anthropogenic causes

is not the issue explored in this work. What is explored is how the forcing described



is affected by certain atmospheric components, which have increased in the last 150
years. An example of this increase can be seen in Fig. 1.2.
1.1.2 Atmospheric Forcing

Forcing, both positive (warming) and negative (cooling) are the instruments
driving climate change. When the balance between the incoming and outgoing
energy is shifted, a climate effect may be observed. This effect can be episodic, such
as a volcanic eruption’s impact on the aerosol content in the atmosphere, which
typically has a negative forcing on the atmosphere since most of the aerosols are
injected into the stratosphere where both the absorbing and scattering aerosols
prevent the incoming solar energy from entering the troposphere. This is considered
a temporary affect since the eruption time is finite as well as the amount of aerosol
and gases emitted. In the case of anthropogenic emissions of gases and aerosols, the
effect is not so temporal because the emissions are ongoing and the majority of the
emissions has been in existence since the industrial revolution and is kept within the
troposphere.

The most common example of climate forcing is that of CO, and the
“Greenhouse Effect”. When discussing the greenhouse effect, most typically, CO,
comes to mind. What anthropogenic CO; does is thicken the blanket at the TOA.
Carbon dioxide has the benefit of absorbing longwave radiation and keeps this
thermal energy close to the Earth’s surface. The downside to carbon dioxide’s
characteristic absorption spectrum is that if too much CO; is present, then too much
thermal energy is absorbed and a net increase in the mean temperature occurs. While
this is just one greenhouse constituent, it presents the clearest argument that

anthropogenic emissions do indeed contribute to global climate change.  Fig. 1.3



shows modeled results by Hansen et al 2005 for the case where the atmospheric CO,
concentration ([CO;]) is doubled over a period of 120 years and the effect of that
doubling is noted for both the mean global temperature change (AT °C) based on the
initial [CO,] in 1880, and the impact on the net radiative forcing due to CO,. In all
cases, both the positive forcing (warming effect) and mean global temperature
increase, and it is well known that the atmospheric CO; has increased since the late
18007s."°

Greenhouse aerosols, much like greenhouse gases, drive the climate forcing in
the atmosphere. Because atmospheric aerosols are less ubiquitous than greenhouse
gases, less is known about them because many of them are unique to their source and
are often temporal. Moreover, the chemistry of the aerosols is so dynamic and
complicated that mere observations and identification are difficult. Atmospheric
aerosols have both natural and anthropogenic sources. As mentioned earlier, volcanic
aerosol is a natural, but typically short-lived event and NaCl based aerosols are also
natural and occur from sea spray. Anthropogenic aerosols have many different
sources, including industry, biomass burning and fossil fuel use. The impact that
atmospheric aerosols have on the climate and weather is under great scrutiny as of
late. Many studies have taken place and are under way to attempt to quantify the

. . . 17, 18, 19, 20, 21
impact of both scattering and absorbing aerosols. " 8. 19. 20,

This is a vast problem
that requires many components in order to clarify the issues at hand. The work

presented within attempts to contribute a small piece of quantified knowledge to the

global climate change pie, so-to-speak.



1.2 Interaction of Light with Gases and Particles

The interplay between light and matter is the fundamental phenomenon occurring
in the research presented within this dissertation. This subject matter has a very long
and broad history and will be discussed for the systems specific to this work.
Regardless of the matter in question, when light is incident upon matter that contains
both positive and negative charges, the electric field found inside the matter is set in
motion, oscillatory motion, to be precise. This oscillation corresponds to the electric
field from the incident light. The electric charges in the matter are accelerated and
consequently radiate electromagnetic radiation in all directions. This electromagnetic
radiation or second stage radiation is the energy that is scattered or absorbed by
matter as shown in Fig. 1.5. If the incident energy is reradiated without conversion,
then the energy has been scattered. If the energy is transformed in some way, then
some or all of that energy has been absorbed and is reradiated in a different form,

such as thermal energy.

1.2.1 Atmospheric Gases

As mentioned earlier, life as we know it exists because of the energy flow from
the sun to the Earth and back into space. It is not, however, as simple as that. How
this energy, in the form of light, interacts with both the atmosphere and its content is
critical in the manifestation of hospitable conditions for life. Atmospheric gases act to
both protect us from and contain the energy from the sun. With respect to how these
gases protect, one merely needs to discuss the ozone layer. This extremely thin layer
of ozone in the stratosphere is effective at absorbing and preventing shortwave

radiation (approximately 300 nm and less) from reaching the surface of the Earth.



Light in that wavelength range is harmful to the human condition as well as many
ecosystems. Carbon dioxide, on the other hand, helps keep longwave radiation near
the surface of the Earth to keep conditions a comfortable 300 K on average. But what
exactly happens when a photon finds a gas molecule? What connection is made?

To treat this material to the level appropriate for the work presented, the
molecules discussed can be considered simple harmonic oscillators with a single
inherent oscillation frequency. The molecule is considered to consist of electrons
bound by a much heavier nucleus. The connection between the electrons and the
nuclei is like a spring with a spring constant that is related to the inherent oscillation
frequency. When this electron-nucleus system is confronted by a wavelength of light
of some angular frequency, the electron undergoes a harmonic oscillation in response
to the oscillating electric field from the light. Because the nucleus is much more
massive, it does not move and acts as a rigid base for the spring between itself and the
electron to compress and expand. The displacement of the positively charged nucleus
to the negatively charged electron creates a dipole. Or rather a dipole is induced.
This oscillating dipole emits electromagnetic radiation. This is the basis for light
scattering with a molecule. The issues explored in Chapter 4 delve into the
interaction of light with CO,. In this case, a line profile at a given temperature and
pressure is measured in order to compare with theory. This line profile is a result of
having a fine tuned light source of discrete energy, which resonates with the molecule
in question. This is resonance scattering. The result of having a driving frequency
very close to the resonance frequency is a line profile. Typically a Lorentz profile is

observed which when integrated over all optical frequencies is related to the cross-



section of the molecule. A Lorentz profile accounts for the presence of other
molecules leading to pressure broadening. Pressure broadening is due to the
collisions of molecules with other molecules and the exchange of energy between the
molecules. Broadening due to the velocity and mass of the molecules is Doppler
broadening and it can account for the direction in which the molecules are travelling
when they encounter the incident light. In order to account for Doppler broadening
and pressure broadening (Lorentz profile), a Voigt profile is used. A Voigt profile
accounts for both pressure and Doppler broadening. These profiles are the
theoretically predicted outcome of the gases to which the experimental results are
compared and an example can be seen in Fig. 1.6.

These line profiles are of great interest and importance, because when combined
with the concentration of the molecule in question describes the spectral dependence
of how these gases will interact with light, i.e. how much will these gases scatter or
absorb light, therefore, how much impact they will have in the atmosphere in terms of

global climate change.

1.2.2 Atmospheric Particles
Like gases interact with solar radiation, so do particles in the atmosphere.
There is a complexity to atmospheric particles, however, because they are more
difficult to pinpoint in terms of sources, concentrations and chemistry. Having
knowledge of how a specific particle interacts with incoming light is critical in
understanding the Earth’s energy flux. Like CO, blankets the top of the atmosphere
and maintains the reradiated thermal energy near the surface of the Earth, particles

can both scatter and absorb the light. Depending on the color and location of the



particles, they can influence climate forcing both negatively (as in (NH4),SO,) and
positively (as in soot).

While the process of how light interacts with particles is the same at the
molecular level as for gases, the difference is how the characteristic interaction of the
light with the particles is defined. Typically, no line profile exists for particles, what
is discussed is the absorption or scattering cross-section. This cross-section is a
parameter that determines how much of the light impinging on the particle interacts
with said particle.

Mie theory is applied to describe the interaction of light with small particles,
paralleling the use of line profiles to describe molecular absorption discussed in the
previous section. Mie theory described the intensity of the interaction of light with
particles at specific indices of refraction and wavelengths. Mie theory is an exact
solution to the theories put forth by Lorentz and Maxwell in the early 1900’s for the
interaction of an electromagnetic wave with a sphere. It requires the assumption that
the particle in question is spherical and the index of refraction of that particle is
known. This solution can be applied to any combination of radius and wavelength
and requires the sum of an infinite series of expansions of the electromagnetic field
equations, which will not be shown in this dissertation but can be found in Bohren
and Huffman’s text, Absorption and Scatter of Light by Small Particles."> The
interplay between light and spherical particles is known, but for non-spherical
particles, is not as well known. For the purposes of this work, a first order
approximation is taken where all particles are considered spherical or a spherical

surrogate is used when discussing Mie solutions. Mie solutions were calculated using



a computer code found in Bohren’s text™?, Appendix A and compiled into LabView
software.

What both the line profile for gases and Mie theory for particles allow is the
determination of the cross-section of the species. This cross-section when combined
with the number concentration is an absolute measure of how an ensemble of
particles or molecules of gas interact with the incident light. That is the focus of the

research presented herein.



1.3 Figures

Global Energy Flows W m™

102\ Reflected Solar 341 Incoming 239 [Outgoing
Radiation Solar Longwave
101.9W m? Radiation f Radiation

’ 341.3Wm? 2385Wm?
Reflected by ,
Clouds and :
Atmosphere " f 40 mr:géahenc
79 b Emitted by /

Atmosphere 1__69

y

333
Back
Radiation

396

17 Surf 333
Absorbed by Thermals Evapo- priace
Surface transpiration Radiation  Absorbed by

Surface

Net absorbed
0.9
Wm?

Figure 1.1: Taken directly from Trenberth et al.”. A summary of the Earth’s
energy budget showing a net positive forcing indicating global warming.
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Protocol trace gases (MPTGs)) showing a clear increase since the Industrial
Revolution. Adapted from Hansen and Sato.’.
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Figure 1.3: Modeled effects of doubling the atmospheric [CO;] based on an
initial concentration of 291 ppm in 1880 on the forcing (A) and on the predicted
equilibrium global temperature (B) which is based on the predicted temperature

change over the 120 year time span given the initial starting condition of the

[CO:;]. Adapted from Hansen et al.”
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Chapter 2: Experimental Motivation

2.1 Greenhouse Gases

Greenhouse gases (GHGs) have a direct impact on the climate and in the case
of CO,, has been linked to global temperature increases.”> While many studies are
underway, the magnitude of the problem is overwhelming and much more work is
required. Inexpensive and sensitive instruments are needed that can be used to study
greenhouse gases quickly and accurately.

The predominant GHG is CO,, (outside of water) which has been vastly
studied, but quantifying CO, and tracking changes in CO, accurately, inexpensively
and quickly is still an issue that demands further attention. Ideally, a system that can
examine different greenhouse contributors, such as GHGs as well as greenhouse
aerosols would allow simpler and more available global site measurements. Many
different GHGs as well as greenhouse aerosols have absorption characteristics,
readily measured with several different techniques. In the case of this work,
photoacoustic spectroscopy is employed on both gases and aerosols. The accuracy

and precision of these measurements will be detailed in this dissertation.

2.2 Greenhouse Aerosols

Global climate models need refined forcing values for soot to properly
estimate the change in the atmosphere due to anthropogenic emissions. Because of
the variability in the values of the forcing of soot in the atmosphere, experimental
measurements of the enhancement of the soot absorption cross-section (Cgps) are

needed.” Values for the forcing impact of soot range anywhere from 0.27 Wm™ to
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0.54 Wm™>* With an average forcing of 0.41 + 0.2 Wm™, there lies a huge
uncertainty in its actual impact. One of the difficulties in obtaining quantitative
optical properties of soot is the variability in morphology, composition, and
conditioning of the soot. Since soot cannot be defined by a unique chemical formula
(like e.g. silica) it is necessarily ill defined as a material, and varies from source to
source.*® Understanding the optical properties of soot becomes a daunting task when
done in situ because of the myriad of variables in the atmosphere such as

meteorology, sampling platform, history, age of air parcel and source.”’

Any
quantitative assessment of the optical properties of soot and the impact of coatings
requires a measure of laboratory control that enables one to eliminate or corral the
number of variables inherent. Another factor that hinders many optical soot
measurements is the traditional use of filter-based measurements such as particle soot
absorption photometers and acthalometers.”®>" While filter based measurements are
robust, and involve a simple applications of Beer’s law, there are many drawbacks to
those methods. These include (1) an artificially high absorption reading if light is
scattered off the particles on the filter and (2) light rescattering off suspended
particles within the filter may result in multiple absorption events, again resulting in
an artificially high absorption result.’' Ideally one would like to make the optical
characterization in a dilute aerosol state so that optical depth interferences and
particle size effects be accounted for. Several groups have measured the absorption

properties of soot. >3 A typical approach is an indirect determination through a

difference in scattering and extinction. This indirect approach may provide

16



reasonable values for the absorption properties, but a direct method can yield accurate
results with a lower uncertainty than an indirect method.

Soot emissions are highly controlled in the United States and Europe, but in
the developing world, primarily India and East Asia, understanding soot’s impact is

10, 37
%37 Due to

of utmost priority, as Fig. 2.1 demonstrates this is the major source.
meteorological transport, the emissions of soot and other aerosols are not confined to
local boundaries and make them a large-scale problem. India’s soot emissions, for
example, not only impact India, but areas downwind as well.’” ¥ In general, air
pollution does not follow borders; therefore, it is imperative that more work be done

to understand soot’s global impact. With these issues in mind, the motivation for

studying the soot-aerosol system is clear.
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2.3 Figures
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Chapter 3: Experimental Methods

Chapter 3 in this dissertation is intended to provide the reader with an
understanding of all the major equipment and techniques used in this research. Each
major piece of instrumentation is detailed in order to give both theoretical and
practical information. In some cases where an instrument was minimally employed
only a brief description was given. In all cases, the purpose and intent of the

instrument is clearly stated.

3.1 Particle Generation

The experimental methods used in this work have several fundamental and
key aspects that will be detailed in this section. In all the work presented,
nanoparticles ranging from 20 to 1000 nm where generated (in the case of the soot) or
prepared and aerosolized (in the case of the sucrose, PSL spheres and gold). Several
methods were used in order to generate and prepare the nanoparticles but in all cases,
the nanoparticles were transported in essentially the same manner. In this chapter, the
details of the generation and preparation process, the transport process and the

analysis process will be described in detail.

3.1.1 Diffusion Flame

Laminar diffusion flames have been studied for many years. The practicality
of the diffusion flame lies in its simplicity as well as its controllability. The diffusion
flame employed in this work comprised a central pathway for the fuel (ethylene in the

case of this work) and an outer pathway for the oxidizer (particle free air). This co-
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annular design allows for a steady and controlled laminar flame as shown in Fig. 3.1
and 3.2. The configuration enables the operation of a stable flame, and thus a
consistent soot source over many hours of continuous operation. In the case of this
work, the diffusion flame used is based on what is now known as a “Santoro Style”
diffusion flame, named after Professor Robert J. Santoro of the Pennsylvania State
University. Santoro’s work in the early 1980’s led to the development and
establishment of this burner style for simple and safe soot production.39

Several factors have been identified in the formation of and growth of the soot
produced by diffusion flames. Initially, a kinetically controlled chemical reaction
within the flame leads to the formation of precursors for the soot particles. Secondly,
a primary particle inception stage where the building blocks of the soot are initially
formed, usually of similar size and shape. Thirdly, there is a period of time where
particles grow via surface growth or coagulation and carbonization takes place while
the hydrogen content is greatly reduced. Finally, a limiting step where the ultimate
size of the soot particle leaving the flame is determined via agglomeration or even
halted by oxidative attack. 39

In the burner set-up, a glass sheath is used to surround the flame in order to
maintain laminar flow. This sheath is split in two and the smaller portion is
positioned under the sampling probe where the soot is captured and moved. The
taller portion rests atop this sampling probe and lower sheath portion and is used to
direct the wash of oxidizer up and away from the flame. The actual burner consists of
a brass housing approximately 10 cm in diameter where a ceramic mesh screen is

placed. The one cm diameter brass tube used to direct the fuel through the center of
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the burner is suspended within this ceramic mesh screen. The ceramic mesh screen is
used in order to promote laminar flow for the oxidizer around the flame. Typical
flow rates for both the fuel and oxidizer differ by several orders of magnitude. In this
experiment, the fuel was typically run at 50 to 150 sccm while the air surrounding the
flame was run at 30-50 lpm. Changing the fuel flow rate controls the flame height.
The resulting flame was anywhere from one to 4 cm in height. This burner system
was successfully used for several years in order to generate a steady stream of soot

particles ranging in size from = 30 nm to one micrometer.

3.1.2 Atomization

Nanoparticles can be put into the aerosol phase by several approaches. As
described above, soot can be generated and captured into a stream of gas in order to
transport it. The laminar diffusion flame burner generates and aerosolizes the soot all
in one. However, when one wants to aerosolize existing particles, e.g., polystyrene
latex spheres (PSL), sucrose or colloidal gold (Ted Pella, Inc.) a different method is
required. In the work presented herein, a TSI Model 3076 Constant Output Atomizer
(COA) was utilized. The COA, which is detailed in Fig. 3.3 has one keen advantage
over other atomizers that as the solution is aerosolized in order to generate the
nanoparticles, the concentration of the solution does not increase, subsequently
increasing the particle size (most applicable to the sucrose solution). The COA was
developed by Professor Benjamin Y. H. Liu and one of his graduate students, K. W.
Lee on the University of Minnesota. The original COA used a syringe pump in order

to provide a constant feed rate for the solution being aerosolized. In the work
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presented here, a syringe pump was not used, but the COA was run in non-
recirculation mode so that the non-aerosolized solution does not return to the original
solution which would concentrate the solution, thus, increasing the particle size.
Typically, a one to ten percent solution of sucrose in de-ionized water was used in
order to generate sucrose particles.

The COA was also employed in order to aerosolize PSL spheres for several
purposes. The PSL are originally in highly concentrated solution, but this solution
requires dilution in order to aerosolize it. Typically, several drops (5 to 10) of the
PSL solution are diluted in 100 ml of de-ionized water and then placed in the COA.
The COA produces a steady stream of PSL which was used in order of calibrate the

DMAs as well as to test several theories in the PASm. *°

3.1.3 Electrospray

Electrospray (ES) aerosol generation has wide applications and uses in many
fields, but within the constraints of this work, was used in order to aerosolize both
PSL and gold colloids. The history of electrospray process has its roots in mass
spectrometry and can be followed back to the work of Fenn*' and Dole.** Essentially,
a solution with the analyte of desire is passed through a capillary with a pressure
gradient and a potential. The solution passes through an electric field that generates a
mist of highly charged particles. Upon exiting the capillary at atmospheric pressure,
the analyte is nearly desolvated, thus generating a charged population of macro-ions,
or charged analyte particles, which in this work are labeled, aerosolized nanoparticles.
Figure 3.4 details the basic arrangement of the electrospray system. Upon exiting the

electrospray, the charged particles are directed towards the appropriate instruments

22



for analysis and characterization. While the electrospray process has a very long
history, it is only described briefly within this text to explain its purpose in the

experiments where it was used.

3.2 Particle Transport

The particles generated must be efficiently collected and transported to the

analytical instruments.

3.2.1 Soot Transport

Placed directly above the flame tip is a sampling probe. The sampling probe
consists of a stainless steel tube approximately one cm in diameter. A one mm hole
was drilled into the wall of the tube and the tube is held orthogonally to the flame. A
carrier gas (particle free air in this case) is directed through the sampling probe in
order to carry the soot particles in the desired direction. Particle free air is delivered
at 5 Ipm orthogonally to the flame. An ejector pump downstream of the sampling
probe creates a low-pressure region in the direction of the soot flow. In turn, this
low-pressure region (Ap = 10 cm H»0) creates a pressure difference at the flame tip,
which draws the flame into a one mm hole in the sampling probe at the flame-probe
interface. The soot is carried to a 5 1 accumulation chamber where the fresh soot is
allowed to agglomerate for approximately one minute in order to increase the
diameter at the peak of the size distribution as well as stabilize the concentration.
From that point the soot flows through an ejector pump to the classification system
for a total flow rate of 30 Ipm after the ejector pump. After the ejector pump, the

particles are driven out of the tubing into the laboratory exhaust hood. Prior to
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exiting into the hood, a “T” junction was built in order to siphon off the soot particles
into the analysis system. The analysis system comprised of either one or two DMAs,
the PASm and a CPC or electrometer was run in under-pressure mode. Essentially, a
pump at the end of the flow train (housed in the CPC or the electrometer) pulled the
particles through the analysis tools. Figure 3.5 is a schematic of a typical single DMA

experimental set-up.

3.2.2 PSL, Gold and Sucrose Transport

Constant output atomizers and ES both produce positive pressure flows, so the
method required to transport the particles to their desired destination are slightly
different from that of the soot. The soot was generated in a neutral pressure mode
and then carried into an over-pressure mode; however, the PSL, the gold and the
sucrose particles exit their respective aersolization systems at a higher pressure than
ambient (initially an over-pressure mode). Because the DMA-CPC system was run in
under-pressure mode (as described earlier), a positive pressure flow train cannot be
sent directly to the analysis system or a pressure build-up could occur. In order to
capture the particles of interest, the particles were directed out of their respective
aerosolization system into a HEPA (High Efficiency Particulate Absorption) filter at
ambient pressure. Prior to the HEPA filter, a “T” junction was made in order to
create a port to which the flow train could be connected for the analysis system. The
particle flow out of the aerosolization system, in this case, was at higher pressure than
the particle flow to the analysis system. By connecting the under-pressure system to
the “T” junction, the nanoparticles can be siphoned away from the main particle train

and directed to the analysis system.
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3.2.3 Experimental Considerations

Several considerations are required when assembling the infrastructure of an
experimental system such as the one used in this study. For example, materials that
are electrically conductive are necessary in order to not have the charged particles
stick to the walls. Stainless steel was the material of choice for the tubing, but in
areas where more flexibility was needed, then Tygon or conductive silicone tubing
(TSI Model #3001789) was used. Also, proper ventilation is critical when generating
nanoparticles. The soot used in these experiments was generated inside the exhaust
hood and any instrument that exhausted particles was directed to exhaust into the

hood.

3.3 Particle Classification and Metering

In order to characterize the size and number of particles used in all the
experiments reported, several instruments were employed. To characterize the size of
the nanoparticles, a differential mobility analyzer (DMA) was employed. To count
the particles a condensation particle counter (CPC) was used and the electrometer was
employed when the charges on the particles needed to be counted. The details of each
of these three instruments will be expanded upon in this section. Information
regarding uncertainties and operating conditions will be specifically found in the

results section with regard to the specific set of results that those conditions refer to.
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3.3.1 Differential Mobility Analysis

Differential mobility analysis is an application of electrical classification
methods. DMAs have been in use for several decades and its roots can be traced back
to Knutson and Whitby.43 A DMA separates particles based on the particle’s
electrical mobility. A balance between the drag forces on the particle is balanced
with the electrical field the particle encounters allowing specific sized particles to
pass through the DMA.

A DMA is comprised of central rod surrounded by a hollow, concentric
cylinder. A voltage (zero to 1x10* V) is applied to the central rod thus creating an
electrical field between the central rod and the wall of the cylinder. There is an inlet
for the aerosols and an exit slit at the bottom of the cylinder. There is also an inlet
and an exit for the sheath flow. Figures 3.6 and 3.7 depict the basic design of the
DMA columns used. The sheath flow is the flow of carrier gas along the long axis of
the DMA. This sheath flow is laminar and typically an order of magnitude larger
than the aerosol flow. There is a fundamental equation that governs the mobility of
the particles (Z,) passing through a DMA.* To arrive at the Z,, a basic derivation is in
order.

Newton’s laws of motion govern the behavior of both macroparticles and
nanoparticles. In the case of nanoparticles, the following derivation demonstrates the
origins of the electrical mobility equation that governs the behavior of a nanoparticle

in a DMA.
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Newton’s second law states that the sum of the forces on a particle is equal to
the change in the velocity of the particle with respect to time and the mass of the

particle;

a
m= =Y F, (3.1)

. . av . . . . .
where m is the mass of the particle, prlt the change in velocity with respect to time

and F, is the net force acting on the particle. In the DMA, the particle feels two

forces, Fp (the drag force) and Ff (electrical field force);

m= = Fp + Fy (3.2)

The drag force on the particle can be described more accurately by the Stokes’s drag;

Fp = 3mnd,V (3.3)
where the drag force (Fp) is proportional to the viscosity of the fluid () and the
velocity of the particle (V). The force opposing the Fpin the DMA is the Fg, the
electrical field force:

Fp = neE (3.4)
where n, the number and elementary units of charges on the particle, e, the charge of

an electron (1.6X10'19 C) and E is the electric field. In a DMA, when % is zero, Eq.

3.1 becomes;
3nndV = neE 3.5)
Solving for V, which can now be rewritten as Vg, the electrical velocity, the equation

becomes;

__ neE
- 3nnd

E (3.6)

27



It is convenient to express this equation in terms of the electrical mobility, Z,, where

the particle’s electrical velocity in an E field of unit strength becomes;

ne
Zp B 3nnd 3.7

This Z, applies to particles much larger than the mean free path and with a Reynolds
number much less than one. However, when the particle in question is less than one
micrometer, the effect of the gas on the particle at the surface-fluid interface cannot
be ignored. In order to account for this fluid effect on particles that approach the
mean free path (4,), the Cunningham Slip Correction factor (C¢) must be included.

The Ccis proportional to the 4, inversely proportional to the d:

Co=1+ 220 (3.8)

The slip correction factor is now applied to the electrical mobility and the result is the

final form of the electrical mobility of a particle in a DMA.

__ neCc
b 3nnd

(3.9)
The mathematical basis for the operation of the DMA relies on the probability

that a particle entering the DMA will follow a streamline created by the sheath flow

and exit the DMA with a specific Z,. This probability is described by the transfer

function (Q):

])] (3.10)

where four flow rates; polydispersed aerosol flow rate in (g,), monodispersed

1 . 1 1
0= (E) * max [0, min ((qa, qs) [g (qa +4s) — |210Z - AP + (g + 4c)

aerosol flow rate out (g,), sheath flow rate in (g,,) and the sheath flow rate out (g.) are
input with regard to the electrical mobility (Z,) and the electrical flux function (®).

This equation is executable for a specific set of operating conditions that are
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controlled by the aerosol flow rates and of the sheath flow rates, three out of the four
must be experimentally controlled in order satisfy the following relationship:

at qc=qs+ gm (3.11)
This linear relationship establishes that the sum of the in-flows needs to equal the sum
of the out-flows. The result of Eq. (3.10) can be seen in Fig. 3.8. Further derivations

for the Q can be found in Knutson and Whitby.43

Understanding the relationship between the four flows in a DMA and how
they relate to the probability that a particle will emerge with a given electrical
mobility is necessary for an accurate size and size distribution measurement. . The
DMA can be used to select monomobility particles by using a static voltage or can be
used to measure a particle distribution by scanning the voltage. All of this reduces to
a particle “window”. Since the typical operating conditions used were with the
aerosol flows in and out, equal, and the sheath in and out a equal, the resolution is

defined as the ratio of the aerosol flow to the sheath ﬂow(ﬁ).

dc

A practical understanding of the conditions governing a DMA has now been
detailed as well as a conceptual understanding of what happens inside a DMA. For
further detail with regard to the derivations of the principles described, please see

Knutson and Whitby. ***°

3.3.2 Mobility Diameters, What Do They Really Mean?

In theory, a sphere travelling through a DMA will behave as described in the
previous section. The drag force will oppose the electrical force. In the free

molecular regime where the particle diameter is much smaller than the mean free path
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(66.5 nm for air at STP), the drag force is proportional to the square of the particle
diameter or to the projected area. As noted in Eq. 3.3, the F)p is proportional to the
diameter of the particle (d,);
Fp < d, (3.12)
When the Cunningham slip correction (C¢) is taken into account, Eq. 3.12 becomes;
dp

Fp o< — (3.13)
Cc

In the limit of where the particles are much smaller than the mean free path (4,), as
they are in the free molecular regime, the C¢ is proportional to the mean free path and
inversely proportional to the diameter of the particle as seen in Eq. 3.8, therefore, Eq.

3.13 becomes;

d 2
Fp & 72— — Fp oc 7 /la (3.14)
/dp

where the F), is now proportional to the d,’, or the projected area.

For non-spherical particles, the mobility diameter is often used to characterize
the particle diameter. This is the diameter of a sphere that has the same mobility as
the non-spherical particle. The mobility is computed from the balance between the
electrical force and the drag force. However, because the particle is non-spherical,
the other properties of the agglomerate will not be the same as for a sphere.

For agglomerates with primary particles much smaller than the 4, the
majority of the primary particles that comprise the agglomerate are exposed to the gas
molecules; therefore, the drag force is proportional to the number of primary particles
when the fractal dimension is less than 2. In such a case the projected area of the

agglomerate is proportional to the number of primary particles.
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3.3.3 Condensation Particle Counter

Once particles exit the DMA they must be counted, ideally with a detector that
is independent of particle size. There are several instruments capable of counting
charged particles and two of those methods will be described in this section. A
condensation particle counter (CPC TSI MODEL 3025A) and an electrometer (TSI
MODEL 3068A) were used in this research.

The CPC has a long history dating back to 1888 with experiments conducted
by John Aitken.*® A CPC grows particles that are too small to be optically detected by
heterogeneously condensing super saturated butanol on the particles. Once the
particles have grown to several micrometers, they can be counted by single particle
light scattering A schematic of the TSI 3025A can be found in Fig. 3.9.

The CPC in the experiments reported herein was the “end of the line” for all
the particles. As mentioned earlier, the DMA system was run under-pressure. This
under-pressure is a result of placing the CPC directly in line with the aerosol exit of
the DMA column. The CPC draws particles with a built in vacuum pump, therefore,
since the CPC is placed directly in line with the DMA, the pull of the vacuum in the
CPC pulls through the DMA. Specifically, the CPC pulls the aerosol flow because
the sheath flows (in and out) are controlled separately. The three flows that require
control as established in Eq. 3.11 have now been identified. The aerosol out flow is
controlled by the CPC, the sheath in flow is controlled by a flow meter and the sheath
out flow is controlled by a vacuum pump. The fourth flow, the aerosol in flow, is

automatically controlled in order to satisfy the linear relationship in Eq. 3.11.
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3.3.4 Electrometer

A second method used for counting particles was an electrometer. An
electrometer actually counts a stream of ions entering a Faraday cup. A Faraday cup
is simply a cup designed to catch ions.*” The ions are actually charged particles in the
case of this work. Essentially, the total current (/) impinging on a filter within the
Faraday cup is measured and can be converted into the number of charged particles

(N) entering the electrometer with the following relationship;

I = Nnyeq, (3.15)
where the elementary charge on an electron (e), the number of charges per particle
(n,) and the volumetric flow rate (g.) are defined. ~ The [ is measured and the n, is
assumed to be equal to one. Therefore, N is the remaining variable that can easily be
calculated. Figure 3.10 details the principal components of the TSI Model 3068
electrometer.

One drawback to the electrometer is encountered when multiply charged
particles enter the flow stream. If the elementary charge on the particles is unknown,
then the number of particles is also unknown. The electrometer has specific
capabilities that were exploited in order to calibrate the DMAs used in these
experiments by running known singly charged particles, as well as to determine the
number of singly and doubly charged particles in some cases. A second drawback to
the electrometer is a 1000 times less sensitivity, requiring much higher particle
concentrations for accurate particle counting. The details of how the electrometer

was used are found in Chapter 5.
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3.4 Particle Analysis

Because most of the work was motivated from a global climate change
perspective and the desire to understand how certain components of the atmosphere
and associated particles interact with light, a method for determining the way the
particles and gases interact with light in the atmosphere was needed. The initial
impetus for the work outlined is the use of a photoacoustic spectrometer (PASm) to

directly measure the absorption characteristics of the materials in question.

3.4.1 Photoacoustic Spectroscopy: History and Theory

Photoacoustic spectroscopy has a long history*® and is a well-established

1. 3114939 ppotoacoustic spectroscopy involves photon absorption by a

analytical too
gas or particle and subsequent energy transfer to thermal energy. The absorbed
energy induces excitation in the vibrational, rotational and/or electronic states of the
molecules which it interacts with. After excitation, these states relax back to the
ground state via radiative and non-radiative pathways. Photos given off in radiative
processes are not detected by photoacoustics. The non-radiative pathways, however,
are facilitated by molecular collisions, which release energy from the excited state to
the ground state via vibrational, rotational and electronic degrees of freedom to the
translational degrees of freedom in the ground state, thereby increasing the system
temperature. This temperature increase is transferred from the absorber to a
surrounding medium (in this case air). The increase in the local gas temperature

causes the gas to expand and the resultant density change is detected as a pressure

(i.e. sound) wave, which is detected by a microphone. The power of the method
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resides in the fact that the amplitude of the sound wave is directly proportional to the
amount of energy absorbed by the analyte, thus it depends on the absorption cross-
section and incident intensity.  As a result the method has been used as a very
sensitive tool to measure the absorption cross-section (C,s) of both gases and
particles. For example photoacoustic spectroscopy has found applications for field

. . . 4, 29, 35, 51
measurement in atmospheric science. 9 35, 3

The well-tuned photoacoustic
spectrometer (PASm) used in these experiments has a detection limit on the order of
3x10° em™ for gases (specifically, 0,)** and 15x10™ cm™ for soot.”* In terms of gas
and particle minimum detectible concentrations, these values would be approximately
3 ppm for O, and 1000 particles’cm® for 100 nm soot particles used in these
experiments. However, the minimum detectible concentration is analyte specific
while the absorption coefficient is proportional to analyte absorption cross-section

and concentration.  Using the absorption coefficient as the detection limit

demonstrates the minimum energy loss in the cell that is detectible by the detector.

3.4.2 Photoacoustic Spectrometer Details

The PAS system used in all of the work reported herein was custom built at
the National Institute of Standards and Technology (NIST) Gaithersburg, MD
campus. The system was built by fellow collaborators; Gillis, Hodges and Havey.
The system hardware comprised of an acoustic cell which is a 100 mm x 6 mm
cylindrical duct (length x diameter) positioned between two 50 mm (1) x 30 mm (d)
cylindrical chambers, machined from brass, an electret microphone (Knowles,
MD6052USZ-1) with a sensitivity of 11.75 mV/Pa at 1640 Hz and 11.3 mV/Pa at

1275 Hz, a 405 nm continuous-wave laser (Power Technologies 405 nm 250 mW)
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intensity modulated at a modulation frequency (fi..s) = 1.6 kHz with a function
generator (Stanford Research Systems DS345) to match a resonance frequency in the
acoustic cell and a calibrated power meter (Newport 918D-SL-OD3) to measure the
transmitted beam power.'' Figures 3.11- 3.13 show the resonator cell details and
system configuration.

One of the most important advantages of the PASm over other absorption
measuring techniques is that the measurement is conducted in situ, and because of the
high sensitivity of the system, relatively low concentrations (on the order of 10" per
cm?) of particles are required limiting the chance that any aerosol-aerosol interactions
can take place. The volumetric flow rate into the resonator is approximately 4x10°
m’/s; the particles pass along the analysis chamber with a sample volume of 3 cm’, a
residence time of approximately 0.7 s and then exit. As the particles pass through the
analysis chamber they absorb energy from the laser. In the aerosol experiments, the
laser current is directly modulated to match the resonator frequency while in the gas
experiments the laser is externally modulated with an acousto-optic modulator. This
photon energy is then converted to thermal energy through collisional energy transfer
mechanisms and the resulting pressure wave created by the increased gas temperature
is detected by the microphone. The microphone signal is then sent to a lock-in
amplifier where both the in-phase, x, and out-of-phase, y, components are recorded.
Output signals from the lock-in amplifier are regularly sampled by a data acquisition
card (National Instruments PCI-6281, 16-bit, 500 Ksamples/s). An analyte free

background signal is taken at the beginning and end of each experiment, which
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comprises all gases in the analyte flow as well as flow noise. The governing equation

for this PAS system is as follows:

a=— (3.16)

T WKy

Here, o is the absorption coefficient in cm’' measured in the cell, R is the measured
PAS signal of analyte less background (i.e. gas of interest or soot particles less the
measured noise due to flow and carrier gas in the case of the particles) in volts, Wy is

the beam power of the 405 nm laser at the center of the PAS cell in watts and Ky is
) ) ) ) ) V-

the photo-acoustic system constant previously determined in units of —VT/m. The

photo-acoustic system constant is defined as follows:

C X,
Ky = % (3.17)

where the cell constant is Cy and is geometry dependent, the microphone sensitivity

L, and the relaxation response function, Ay (which lies between 0 and 1).

The relaxation response function demands further explanation for clarity.
Non-radiative relaxation occurs through several channels where each channel is a
multi-step cascade of events. In most cases, the time for the excited states to relax to
the translational degrees of freedom is very short in comparison to the acoustic cycle.
In some cases, however, a bottleneck in the cascading events increases the relaxation
time. If the relaxation time is longer than the acoustic period, the efficiency of the
acoustic wave generation is reduced. This relaxation respoOnse function is typically
assumed to be unity for systems where there is a rapid relaxation process (as in the

aerosols).
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The time scales of the absorption and relaxation processes are also of interest.
While the time scale of the absorption of a photon by the particle and the subsequent
relaxation of the excited particle are not known exactly, but the absorption can be
approximated by solving for the Einstein A coefficient in a stimulated emission
calculation. While the exact time for an absorption event to take place cannot be
calculated, the ratio of the time scale for absorption to the acoustic time scale can be
approximated by employing the measured absorption cross-section (o»;), the
wavelength of the laser (1), the index of refraction (n) (assumed to be 1 for this
approximation) and an approximation for the spectral line shape function (g(v))

(which is the inverse of the laser bandwidth).

021(0) = Ay 5 9 (V) (3.18)
The acoustic cycle time scale is the inverse of the resonant frequency, which in the
case of the soot study is on the order of 6x10” s. Based on the approximated
absorption time scale and the acoustic cycle, the absorption of a photon is
approximately 9 orders of magnitude faster than the acoustic cycle.

Subsequently, it is known that for particles in the 10’s to few hundred
nanometer range, the temperature increase in the particle is on the order of a few
Kelvin and rises linearly with laser power. However, a noticeable temperature
increase due to particle heating by the laser would require multi-Watt power levels as
noted in Murphy (2009)> and in these experiments, sub-Watt laser powers were
employed. This heating is essentially instantaneous and the particle temperature is

uniform. The transfer of the heat in the particle to the surrounding gas is also
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essentially instantaneous. During an acoustic cycle, the length of the gas thermal
penetration scale is orders of magnitude larger than the particle diameter
(approximately 65 pm for the gas thermal penetration length compared to
approximately 20 nm for a soot primary particle).

The photo-acoustic system constant is calibrated based on measurements of a
gaseous species having known concentration and absorption coefficient. Agreement
has recently been demonstrated for Ky between experimental measurements and
modeled acoustic response = 1 % for measurements of the O, A-band in air. "It was

also shown that the relaxation response function Ay ~ 0.40 must be incorporated into

an accurate calibration involving the O, A-band. Other studies which aim to exploit
the convenience of calibrating with the A-band at ambient conditions implicitly
assumed a relaxation response function of 1 and were, therefore, subject to large,
systematic errors (Tian er al.>*). For the work presented within, it is assumed that the

relaxation response function for any studied particles in air is unity and measurements

V.-em 11

of a rely on the product Cyfy = 18.77 to model the instrumental response.

Thus, measurements of the absorption coefficient for aerosols, o (cm'l), flowing
through the acoustic cell can be determined from the magnitude of the microphone
signal (V) and the laser power (W). For a more detailed account of the calibration of
the PASm, refer to Gillis et al. i

With respect to the soot measurements, the number of particles in the beam at
any one time is approximately 3 % of the concentration of the particles in the cell at
any time (approximately 1000 particles based on typical particle concentrations in the

cell), which is the ratio of the beam volume to the sample cell volume. The typically

38



low concentrations (10° to 10* particles/cm3) of particles in the cell minimize the
extinction of the laser through the path length, which in turn leaves the beam intensity
nearly uniform along the path length, therefore, all the particles in the beam are
exposed to the same intensity, making their orientation unimportant with respect to
their ability to absorb energy and produce the PAS signal. Furthermore, the optical
depth of the laser in the cell is related to the absorption coefficient measured by the
cell which, in the case of the cell used in these experiments, the minimum detectible
absorption coefficient is approximately 15 x10° cm™. The cross-section measured is
related to the probability that a photon is absorbed by a particle. On average, there
may be up to 108 photons absorbed per particle in the cell. This number of absorption
events assures a high probability that absorption events occur and is proportional to
the number of particles in the path length of the cell. The more particles in the path of
the laser, the higher the probability an absorption event will occur. This is essentially
Beer-Lambert’s law, which is why the absorption coefficient is reported in cm™,
because as Beer-Lambert states, the absorption coefficient is the measure of the light
loss along a specific path length, thus the units are in inverse length units.. More on
why the whole soot agglomerate contributes to the absorption signal is detailed in
Chapter 5, but essentially, a particle with a fractal dimension of less than 2 (which
these are) are basically transparent, or rather, all the primary particles are equally
visible and no shielding takes place, regardless of orientation.

While scattering off the particles is present, it does not affect the PAS signal
because the microphone does not pick up scattered light, only reradiated thermal

energy. The placement of the microphone at the center of the cell is critical to
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efficient signal collection as the maximum acoustic pressure is in the center of the
sample cell with a node at either end of the cell. Because the acoustic wave is a
standing wave, the sum of the signal, which is representative of the particles in the
cell is collected at the optimal location in the cell making particle location with

respect to the microphone irrelevant, the particles merely need to be in the beam.

3.4.3 Photoacoustic Spectrometer Data Collection

Collecting an absorption signal with the PASm system involves many steps,
but the most critical steps will be outlined here. The diode laser current is directly
modulated with a function generator in order for the intensity modulation to match
the frequency response of the acoustic resonator while not affecting the frequency of
the single wavelength laser. The frequency, fp, is directly proportional to the speed of
sound, Cigzeq;, in the resonator and in the limit of the ideal gas law can be described in

the following manner:

. RT
Cideat = limpoo Crp- |5 (3.19)

The adiabatic index, v, pressure P, T is temperature, R is the ideal gas constant and M
is the molar mass. In this system, the lowest-order mode which efficiently couples to
a modulated laser current has a resonant frequency in ambient air at 296 K of
approximately 1640 Hz. '' This frequency is dependent upon the composition of the
gas and analyte in the acoustic resonator. Note how Cis depends on the square root
of the inverse mass, when the mass changes, so does the Ciz,. Because of this
dependence, for each analyte studied (the gas was always particle free air in each

study), the peak resonant frequency was measured and then adjusted for that
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experiment. In order to measure this peak frequency, a large concentration of analyte
was introduced into the resonator under normal operating procedures. The frequency
of the laser modulation was then swept from approximately 1.5 to 1.7 kHz in 10 Hz
increments, ensuring that the approximate frequency mentioned earlier would be
captured. The PASm signal was recorded for each corresponding frequency and
where the signal was strongest, that frequency was adopted. This was a simple
solution for fine tuning the modulation frequency of the laser because in all cases
with aerosols, the gas medium was the same and only slight adjustments were
required. In the calibration of the PASm system discussed in Gillis ef al."', it was not
so easy because the gas itself was the calibration standard and the frequency was
quite different for the O, and CO; calibration. The frequency was swept from 1 kHz
to 6 kHz to find the resonant frequency for those two mentioned gasses. One very
important feature that differentiates this PAS system from others is that in the course
of the calibrations procedure, it was determined that calibration was not actually
necessary. The model that governs the PAS system matches the calibrated results to
within 1% for the O2 and within 3% for the CO2 that further calibration is
unnecessary. If a system component change was required, a revised constant would
be computed using the modified parameters. Details of that calibration can be found
in Gillis et al. "'

Upon locating the peak frequency corresponding to the analyte in question,
the 405 nm laser current was modulated with a function generator to match the
resonant frequency in the resonator. This modulator was synchronized with a lock-in

amplifier used in order to collect the appropriate signal from the microphone. The
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time scale of the measurement can be calculated from the laser modulation frequency
of 1.6 kHz. The lock-in amplifier has a time constant, which in the case of the soot
measurements was 300 ms, which is averaged over several acoustic cycles. The lock-
in amplifier output is averaged over a range of 10 kHz - 100 kHz (10 to 100 ps),
which oversamples the data. The 10 kHz - 100 kHz data is then averaged for 60 s
,which comprises one measurement. Multiple 60 s signals are taken for any one
experiment, which is eventually averaged to produce the final PAS signal for that
specific analyte. An example of the raw signal can be seen in Fig. (3.14). Figure
3.14 shows the raw PAS data (the red markers and fit line) as well as the PAS signal
that has been fit to a complex function that describes the acoustic resonance in the
cell (blue markers and fit line). The measurements are made at the peak of the blue
line.

Data collection processes involve sampling both the in-phase (x) and out-of-
phase (y) components of a two channel lock-in amplifier (Stanford Research Systems
SR830) synchronized to fy. Background signals, xy, and yy, are collected in the
absence of the absorbing analyte but with all other background gasses present. In the
case of the soot study, the DMAs in line with the PASm were turned off to stop the
passage of the soot particles but the diffusion flame was kept on in order to generate
any accompanying gasses that might absorb at 405 nm, such as NO,. The amplitude

of the PAS signal (R) for an absorbing species on resonance is obtained from;

R =[(x —x0)% + (v = 70)?] (3.20)
where xo and yy are the measured background signals and x and y are the measured

signal with analyte. They are summed in quadrature and the root of the square of the
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sum is R. This now returns us to Eq. 3.16 and R is substituted with Eq. 3.20.
Ultimately providing an o, which when coupled with the particle counts from the
CPC, an absorption cross-section per particle (Cy,) is determined, which in the case

of all the work regarding the soot was the ultimate goal.
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3.5 Figures
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Figure 3.1 Schematic of a ‘“Santoro Style”’ laminar diffusion flame burner used
in all soot experiments.
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Figure 3.2: Photograph of laminar diffusion flame burner.
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Figure 3.3: Schematic of a TSI Model 3076 constant output atomizer.
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Figure 3.4: Schematic of a TSI Model 3480 electrospray.
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Figure 3.5: Basic experimental set-up including particle generation systems,
single DMA column, an aerosol charger, condensation particle counter and a
data acquisition system.
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Figure 3.6: Schematic of a TSI Model 3081 DMA column.
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Figure 3.7: Photograph of custom built differential mobility analyzer using a TSI
Model 3081 long column.
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Figure 3.8: A graphical representation of the transfer function for a DMA. The
probability that a particle has a specific Z, is along the y-axis and the Z, in
question is along the x-axis.
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Figure 3.9: Schematic of TSI Model 3025A condensation particle counter.
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Figure 3.10: Schematic of a TSI Model 3068 electrometer.
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Figure 3.11: Schematic of photoacoustic resonator with dimensions included.
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Figure 3.12: Photograph of the photoacoustic cell used in these experiments.
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Figure 3.13: Photoacoustic spectrometer system with accompanying
components.
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Chapter 4: Standard Photoacoustic Spectrometer: Measurements
of Greenhouse Gases and Aerosols

4.1 Introduction

There exist numerous analytical techniques for studying absorption of
atmospheric species. Detection of greenhouse gases in the field typically involves
using spectroscopy, and examples include non-dispersive infrared (NDIR)> and
tunable diode laser absorption spectroscopy (TDLAS).’® The current state-of-the-art
incorporates advanced spectroscopic methods such as continuous-wave cavity ring-
down spectroscopy (CW-CRDS)’” or other cavity-enhanced methods™ which can
perform with relative combined standard uncertainties of < 1%. However, a major
obstacle for utilizing state-of-the-art greenhouse gas detectors is resource investment.
Commercial CW-CRDS instruments can approach $60,000 for a single sensor, which
prohibits deployment on a large scale. Thus, there is a need for new robust, yet
simple and less expensive, high-performance analytical instruments to measure
greenhouse gases in both laboratory and field environments.

Measuring the absorption of aerosols is complicated by the interplay between
absorption and scattering. One measurement approach has been to quantify
extinction (absorption + scattering) using cavity ring-down spectroscopy, and
scattering via nephelometry, with absorption obtained from the difference.
Unfortunately with this approach, the combined uncertainty in the deduced absorption
can be substantial and the measurement can be subject to additional bias.
Photoacoustic spectroscopy (PAS) is seeing increased use as an absorption probe for
investigating problems related to atmospheric and climate chemistry to help mitigate

these complexities. Numerous recent studies have established PAS as a standard
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aerosol absorption measurement technique to compete with typical filter-based
methods.?* *> % Laboratory and field studies have been done using PAS® on aerosols
which have investigated topics ranging from the effects of particle coatings,61’ 62
instrument cross—compalrison,63 and a relative humidity dependence on mineral dust.*
These studies all exploit the attribute that PAS is sensitive only to absorption but not
extinction or scattering.

However, while PAS does selectively measure absorption, it does so
indirectly. Photon excitation deposits energy into a system. That energy then
undergoes several processes: (1) conversion to internal degrees of freedom in the
absorbing molecule, (2) transfer to thermal energy via molecular collisions with
surrounding gases, (3) detection as a pressure wave by an acoustic sensor. Because of
the complex processes involved, the response function is photoacoustic spectrometer
specific and requires calibration and/or modeling. Relative uncertainty requirements
for PAS calibrations specifically for atmospheric measurements typically range from
2% to 10% depending on the application. Most calibration techniques are focused on
determining the detected amplitude of the pressure wave for a given sample
absorption coefficient, solely considering (3) in the above description. Traditionally,
PAS calibrations have been done utilizing gas phase absorbing species, NO, for
example.3 *% In 2006, Lack et al.*® outlined a calibration method using both ozone gas
and nigrosin (India ink), a potential standard aerosol, to achieve a relative combined
uncertainty at the 1-2% level for a gas sample and > 95% stated accuracy when
validated for aerosols. To achieve these uncertainty levels Lack et al.® paired the

PAS technique with additional instrumentation, specifically CRDS.  While
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successful, the overall approach requires an increased level of technical expertise as
well as substantial resource investment. Also, while the aforementioned calibration
procedures are now well-established, their accuracies are ultimately limited by
uncertainties in calibrant optical properties.65

Only recently, has molecular spectroscopy reference data for typical
atmospheric molecules achieved the < 0.5% uncertainty levels required for

13. 66. 67 Realizing this, Tian et al™ recently presented a convenient and

improvement.
potentially high-accuracy calibration procedure based on measurements of absorption
within the b'Z," X%, (0,0) band of O,. These transitions commonly referred to as
the O, A-band, arise from rotationally resolved magnetic dipole transitions near 765
nm. Unfortunately, a complication not considered by Tian et al.>* is that for the O, A-
band transition energy transfer processes involved in quenching the upper b12g+ state
(see (2) and (3) above) can substantially reduce the efficiency with which the
absorbed photon energy is converted to thermal energy on characteristic acoustic time
scales."" Recently, using a photoacoustic spectrometer developed at the National
Institute of Standards and Technology (NIST) we demonstrated that for the O, A-
band, energy transfer processes can suppress the acoustic signal by as much as a
factor of 2.5 because of the multi-step relaxation process. Moreover this effect
depends strongly on quencher availability (e.g. relative humidity)."" Other groups
have explored and quantified the effects of energy transfer processes on PAS signals
for small polyatomic molecules including HCN, CH,, and CO, for many years.”®

However, by incorporating energy transfer processes into our resonator model we

have reported a calibration procedure having a relative combined uncertainty of 1%
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for selected transitions within the O, A-band.!' This calibration was done
conveniently on a sample of ambient laboratory air having a known relative humidity.
Further, the calibration was consistent with and validated our resonator model.
Specifically, the model independently predicted the measured response (which
included an absolute calibration of the microphone sensitivity and optical power
meter) within the combined measurement uncertainty. This means that the instrument
response, containing the setup constant, can be discerned from first principles11 and
does not necessarily require traditional calibrations against reference samples with
known optical properties. 11.50.69

This work presents evidence that a custom—built PAS system based on a first
principles model can be used in order to make quantitative measurements of both
atmospheric gases and particles. The PAS system is used in order to measure CO, in
ambient air and show that the PAS system can be used to detect subtle changes in a
trace gas in amongst a very large background of other gases. It is also shown that
PAS is well suited in quantitatively measuring atmospherically relevant aerosols that
require in situ, fast response time and long-term stability measurements. Specific
details regarding the PAS system construction and theory are found in Chapter 2 and

are only briefly outlined in this chapter.
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4.2 Experimental Apparatus

Instrument and data collection is outlined in Chapter 3, but specific details
regarding the experiments in this chapter will be described herein and can be seen in
Fig. 4.1. To collect data one must first intensity modulate the continuous-wave laser,
using an acousto-optic modulator (AOM) for example, to match the frequency
response of the acoustic resonator. This frequency, fy, is complex to predict'’' but is
directly proportional to the speed of sound in the system to be measured. This
frequency can change dramatically depending on the gas composition in the acoustic
resonator. For example, as shown in Fig. 4.2, in pure CO, at 296 K and 101.3 kPa the
modulation frequency shifts to approximately 1275 Hz, easily predicted from Eq.
3.16. Shifts in fy, in turn, affect the amplitude of the photoacoustic signal.

Approaches for dealing with this are fourfold:

(1) Maintain constant temperature such that amplitude fluctuations are a
small contribution to the combined uncertainty of the measurement™” ®

(2) Measure the acoustic resonance prior to making any PAS measurement''

(3) Actively model the PAS resonator line shape and shift in resonance
frequency based on inputs from precision temperature measurements to
correct the signal amplitude in real time

(4) Adjust the modulation frequency during the course of a measurement to

remain at the peak of the acoustic resonance either by using the modeled

frequency shift or incorporating another type of servo
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While approaches (1) and (2) are preferred there are cases where incorporating them
to satisfy combined uncertainty requirements is challenging. We have currently made
no attempt to regulate the temperature of the PAS instrument. Instead, by applying
approaches (3) and (4) using Eq. 3.16 to calculate temperature-dependent shifts in fj
we have observed improvements in measurement precision as high as 40% for
temperature fluctuations on the order of AT ~ 1-2 K.

After locating the acoustic resonance, the laser wavelength must be matched
to a spectral region of optical absorption to probe an analyte of interest. For aerosol
particles this is generally simple since absorption is, for the most part, spectrally
broad. For measurements of greenhouse gases, the laser must be single-mode and
tunable and its frequency should be scanned over a given optical transition. After
locating this transition, measurements can then be collected by either measuring the
spectral dependence of the PAS signal or by collecting data at fixed wavelength and
modeling the local absorption coefficient. Our data collection process involves
sampling both the in-phase (x) and out-of-phase (y) components of a two channel
lock-in amplifier synchronized to fy as described in Chapter 3. The microphone
sensitivity was obtained by referencing the signal measured from a constant
amplitude sound source to the response of a standard reference microphone and was

characterized as a function of frequency, signal intensity, and relative humidity.

4.3 Experiments

Experiments were performed on a few select systems to evaluate instrument
performance. Initial measurements were made on O; in laboratory air, 20.95% by

volume®, at 300.0 K and 100.8 kPa. Subsequent measurements were made on
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samples of humidified CO, at 298.9 K and 99.88 kPa as well as trace CO, in
laboratory air. A tunable single-mode external cavity diode lasers centered at A = 765
nm for O, and A = 1590 nm for CO, was used for these experiments. Line intensities,
self- and air-broadening parameters, and Dicke narrowing parameters of Robichaud e?
al.% and Havey et al.”’ for the O, A-band as well as line intensities and broadening
parameters of Toth et al. for CO,"  were exploited due to their well-established
history and character. Galatry profiles70 were used to fit the measured PAS O, A-band
spectra. Contributions to the measured absorption coefficients from higher-order line
shape effects, such as line mixing, are assumed to be small relative to the 1%
combined uncertainty in our instrument response11 and are not incorporated into this
data analysis.

Measurements were also made on soot aerosols having mobility diameters
(dn) of 100, 150 and 200 nm. Details on the experimental apparatus used to generate
and classify the soot are described in Chapter 2. An ethylene fueled laminar diffusion
flame was used to generate soot palrticles.39 Soot was then transported to a DMA for
size characterization and classification. Prior to passing through the DMA, the soot
particles passed through an aerosol neutralizer containing 2196 in order to place a
Boltzman distribution of net +1 charges on the particles.”! A DMA separates
particles by balancing the drag force and the electrical force on the particles as
described in Chapter 2. The voltage on the DMA was set to correspond to constant
100, 150 or 200 nm mobility sized particles. After passing through the DMA,
particles were analyzed with the PASm using a 405 nm multimode diode laser and

then sent to a CPC to measure particle concentration. The DMA was calibrated with
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NIST SRM® 1964 (60 nm polystyrene latex spheres) which has a relative combined

standard uncertainty in mobility diameter of + 0.5%."

4.4 Results

This study aims to evaluate the performance of the custom built, first
principles NIST PASm for measurements of greenhouse gases and atmospherically
relevant aerosol. Performance criteria consist of instrument accuracy, precision,
response time, and detection limit. Success is also pinned to the ability to predict the
resonator response over a range of sample compositions, temperature, and pressure
conditions.""

The ultimate level to which optical absorption coefficients can be measured is
shown by the Allan deviations in Fig. 4.3."> Gas measurements were conducted by
measuring the absorption signal at line center of the “P(9) transition at 13,091.710
cm™ in the O, A-band with ~ 3 mW peak-to-peak power. Aerosol measurements
were made on a flowing stream of 100 nm + 1 nm mobility diameter soot particles
with ~ 200 mW peak-to-peak power. Both datasets were generated by measuring
sample absorption for two hours at uniform intervals of 0.1 s. For a 60 s averaging
time, our detection limits, given by the product of power and absorption
coefficient O4inWpp, were measured to be 4x10"° Wem™ for the 0O, A-band and
2x10”° Wem™ for soot particles. The minimum in the Allan deviation, corresponding
to the optimal short-term averaging time, occurs between 50 s and 100 s for
measurements of the O, A-band and between 100 s and 300 s for soot particles. The
differences in the Allan deviation plots are most likely caused by two factors: (1)

increased random noise generated by a fluctuating aerosol source (see Fig. 4.3 inset)
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and (2) the relatively narrow O, absorption lines compared to the spectrally broad
aerosol absorption signatures. For soot, the latter effect reduces sensitivity to laser
frequency drift and allows for longer averaging times. These datasets suggest
impressive single-pass detection limits when combined with lasers having
continuous-wave powers greater than 1 W.

A comparison of detection limits for a selection of literature PAS instruments
is shown in Table 4.1.

Table 4.1. Some literature PAS detection limits of comparable magnitude are
tabulated. The sensitivity of PAS instruments for measuring aerosol particles is
sample limited not instrument limited. Further, gas sample performance metrics

should not be used for predicting aerosol sample capabilities and vice versa.
“Authors understate their capabilities; see Kosterev et al." "Detection limit
calculation assumes a peak-to-peak power of 8 W with square-wave modulation

and is converted to a 1o value for comparison against the present work and
published values by Arnott et al.**

Gas Detection Limit Aerosol Detection Limit
PAS Reference Year
(W-em™'-Hz %) (W-em™'-Hz %)
a, /3
Pushkarsky et al. (2003) 29x107 )
. gl
Miklos et al. (2006) 3.3x107 )
Kosterev et al.’ (2005) 5.4x107 -
Present Study (2010) 3.1x107 1.5x10°
Arnott ef al.” (2006) - 2.0x10°
Lack et al."® (2006) - 3.1x10°
Arnott et al.’ (1999) - 6.8x10™

The sensitivity of this standard spectrometer compares favorably with respect
to numerous other research groups utilizing PASm for many different applications." >

6073 7 1t is notable that PAS measurements targeted to gas phase applications
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typically have lower detection limits than those made on aerosols, validating the
complexity and variability of aerosol systems. In essence, what works for gases does
not necessarily work for aerosols and vice versa. Independent operating
considerations are required when transitioning from the gas phase to the aerosol
phase. A critical point, not obvious in the instrument precision analysis, is that the
accuracy of this PASm is directly linked to the first principles model developed by
Gillis, Hodges and Havey with a relative combined uncertainty of 1%.'" Apart from
characterization of the laser power and the microphone, no instrumental calibration is
required to characterize the PASm system response.

Measurement precision is influenced by a combination of signal-to-noise
ratio, data acquisition rate, and data analysis. With these considerations in mind, the
manner in which high-precision data is generated is very different for gases and
particles. Additionally, the performance criteria-per-analyte system is only relevant
within the context of that analyte. Two gases (O, and CO,) were used as calibrants.
Initially, measurements of humidified CO, (20-30% RH) at 298.9 K and 99.88 kPa
were conducted in order to show that high-precision measurements can be made with
the NIST PASm on other systems than the previously mentioned O, calibrant.
Measurements were made at line center of two transitions, R22e at 6363.726 cm™! and
R20e at 6362.504 cm’, within the (30°1)«—(00°1) global combination band. The
signal-to-noise level, defined as the peak absorption divided by the standard deviation
of the spectrally detuned baseline, was = 1800:1. Absorption coefficients for two
transitions were measured over 1 hour. The spectra modeled with Voigt profiles

using the line parameters of Toth et al.”’ and the data was temperature corrected to a
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reference temperature of 296 K to account for the temperature dependence of the line
intensity. Results are shown in Fig. 4.4. For any given observation, measurement
precision was approximately 0.13% while the relative combined standard uncertainty
in the absolute absorption coefficient was 1.1%.

Additional measurements were made on trace CO, in ambient laboratory air.
The goal of these experiments was to see if the instrument could potentially act as a
point-source greenhouse gas sensor. The 1% relative combined uncertainty of our
calibrated and modeled resonator response11 potentially enables a PAS-based sensor
to compete directly with existing state-of-the-art spectroscopic greenhouse gas
detectors. The local absorption coefficient for the peak of the (30°1)«—(00°1) R22¢
transition at ambient conditions is approximately 6.6x10” cm™, assuming a nominal
CO;, mole fraction of 385 ppm.13 Using the measured gas detection limit of GginWpp
=4x10"" Wem™ and diode laser peak-to-peak power of 2 mW a minimum detectable
absorption coefficient of 5107 cm™ can be predicted. In regards to these limits, this
particular application pushes the limits of this NIST PASm. A series of
measurements were made at line center, 6363.504 cm™! and detuned from resonance.
The measured CO, mole fraction was 466 ppm + 32 ppm for 3 sets of 10
measurements with 60 s averaging windows taken over a one week time period. To
validate these results this same transition using frequency-stabilized cavity ring-down
spectroscopy’~ to measure the mole fraction of CO, in air was probed, again averaged
over a one week time period, to be 463 ppm + 15 ppm. Stated uncertainties are
relative combined standard values for both measurements. The PAS and CRDS

measurements are consistent. Therefore, with higher laser powers or reduced levels

68



of microphone noise, one should be able to utilize this standard PASm to produce an
affordable point-source CO, greenhouse gas sensor operating under atmospheric
conditions.

The radiative properties of soot are atmospherically relevant but cannot be
readily predicted from first principles. Likewise the required optical measurements on
soot are challenging. Both models and measurements must account for the fact that
soot can vary in size, morphology, mixing state, and chemical composition, which all
depend on generation and flow conditions. These aspects directly affect optical
properties and consequently measurements are required over a wide range of
conditions. To address these measurement requirements, instruments for quantifying
aerosol radiative properties need to have certain attributes: (1) rapid response time,
(2) sensitivity to distinguish changes in size, shape, and chemical composition, (3)
durability, and (4) capability to operate under convenient conditions (e.g. ambient).
Several experiments were performed to evaluate how the NIST standard PASm
behaves in this context for measurements of absorbing aerosols. A flowing sample of
100 nm = 1 nm soot particles, as described previously, was directed into the PASm
and monitored for a period of 5 h. During this time, the modulated power of a
multimode the 405 nm diode laser used for the aerosol measurements, particle
concentration, and PAS microphone signal were continuously logged in 60 s
integration windows. Four sets of data were collected to generate multiple long-term
datasets. Figure 4.5 shows the results for two of the datasets. Within a given 5 h
dataset the 10 measurement precision for the normalized PAS signal was

approximately 1.5%. Of the four datasets, the day-to-day reproducibility of the mean
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normalized PAS signal was on the order of 10%, which, for aerosol based
experiments, is consistent with the 10% component uncertainty from the CPC used
(bottom right of Figure 4.5).

Finally, measurements were made on both 150 and 200 nm soot particles
coated with dibutyl phthalate (DBP). Soot was sent through a heated coating
chamber containing a material saturated with the DBP. Details of the coating
procedure can be found in Chapter 3. DBP has a low vapor pressure and does not
absorb at 405 nm making it a useful surrogate for atmospheric species such as
H>SO4(aq), which can coat atmospheric aerosol particles. Several groups have now
quantified increased absorption of soot particles from the presence of a non-absorbing

. 33, 76, 77
coating.*> "®

In regards to these experiments, soot was coated with the smallest
amount of DBP that the coating apparatus can currently provide and measure the
change in the normalized PAS signal introduced by the non-absorbing coating.

Figure (4.6) contains these results. The short-term precision, as described previously,

is more than adequate for resolving enhanced absorption for coating shell thicknesses,

d —-d
( m,coated 2m,uncoated) (41)

less than 10 nm which is defined by Eq. 4.1 where d,; coureq 1s the mobility diameter of
the coated soot and d,;; uncoarea 1S the mobility diameter of the uncoated soot. Mie theory
calculations for coated spheres'> were performed in order to determine the minimal
detectability of the coatings on the soot. Calculations assumed m; = 1.55 + 0.8i and
my = 1.5 + 01 for the soot core and DBP coating, respectively, where m is the complex
refractive index of the material. The change in particle absorption cross section,

Ao(t.) of a coated particle relative to that of an uncoated 100 nm soot particle was
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calculated for shell thickness values, 7., ranging from 1 nm to 50 nm. In order to
determine the minimum detectable change in absorption cross section, the Ao(t.) =
Omin/N was calculated, where N is the soot particle number density. Figure 4.7 shows
a series of results (expressed as minimum coating thickness) assuming OpinWpp =
2x10° Wem™ for N = 10° , 103, and 10" particles cm™. Assuming that the effective
thickness of a monolayer of DPB is between 0.1 nm and 1 nm, the PASm can resolve
sub-monolayer coverage on a sample of 10° particles/cm’ for modulated laser powers
higher than 0.01 W to 0.1 W. In other words, for laser powers approaching 10 W this
analysis suggests the ability to resolve absorption enhancement for a 500 nm thick
coating on a single particle in the spectrometer. Interestingly, these power levels are
achievable given what others®” ™ have demonstrated utilizing multi-pass PAS
configurations. Utilizing these approaches in tandem may open up new ways of
probing particle interfaces to better understand problems relating to atmospheric and

climate chemistry.

4.5 Conclusions

A newly developed NIST standard PASm has been characterized within the
context of some important atmospheric components. For measurements of CO,, the
ability to perform precise and accurate spectroscopic measurements by comparison
with known CO, line palralmeters13 has been demonstrated. A proof-of-concept
experiment was conducted which confirmed the potential of PAS to act as a point-
source greenhouse gas sensor. Light absorbing soot was measured in the laboratory

with PAS yielding 16 precision of < 1% and 1.5% for short- (1 h) and long-term (5
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h) averaging, respectively. Detection limits for 60 s averaging times were measured to
be 4x10™"° W/cm for a gas and 2x10° W/cm for an aerosol, the latter quantity being
limited primarily by generation, classification, and measurement of the aerosol
number density. This sensitivity was exploited for measurements of coated soot.
Absorption based enhancements from < 10 nm thick non-absorbing coatings on 150
nm and 200 nm soot particles were measured. Mie theory calculations suggest a
minimum detectable coating thickness at the angstrom level for 100 nm particles,
aerosol concentrations of order 10’ palrticles/cm3 , and modulated power levels of 0.01
W to 0.1 W. Results show that a standard spectrometer with characteristics as
described in Chapter 2 is well suited for measuring atmospherically relevant gases

and aerosols.
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4.6 Figures

Calibrated Electret Microphone

I Optical
Broadband Modulated [ Power
Diode Laser Meter

Intensity Modulation
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(1.6 kHz for ambient air) I

IPlatinum Resistance Thermometer

Photoacoustic Cell |

2-Channel Lock-In Amplifier

Capacitance Manometer

P
PC with Data Acquisition

Figure 4.1. A schematic of a simple PAS experiment using the NIST spectrometer is
shown
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i Sample: Pure CO
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4L

Microphone Signal (uV)

_02 | 1 | 1 | 1 |
1100 1200 1300 1400

Deviation (uV)
o
o

Modulation Frequency (Hz)

Figure 4.2. An acoustic resonance fit for CO, yielding f, = 1273.6 Hz and Q = 28.8 is
_Af
fz_(fr+igr f/f)z

fit to the data as described in Gillis ef al."'

presented. The complex resonance function x +iy = +B+C(f-f) was
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Figure 4.3. Power normalized Allan deviations (square root of the Allan variance'?) are
shown for absorption measurements at line center of the Pp(9) transition at 13,091.710
cem’! in the 0, A-band at 300.0 K and 100.8 kPa (blue) and for 100 nm + 1 nm soot
particles at 100.3 kPa and 295.9 K (red). Measurements of the O, A-band utilized a 765
nm single-mode external cavity diode laser with peak-to-peak modulated power of ~ 3
mW; soot aerosol measurements utilized a 405 nm multimode diode laser with ~ 200
mW of peak-to-peak power. Instrumental detection limits for 60 s averaging times are
4x10™" Wem™ for gases and 2x10” W-em™ for aerosols.
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Figure 4.4. Differences between measured and modeled absorption coefficients for
measurements of two CO; transitions within the (3001)<—(0001) combination band are
presented. Modeled absorption coefficients utilized Voigt profiles with the line
parameters of Toth ef al.> PAS measurements were made on humidified CO; at 298.9
K and 99.88 kPa with signal-to-noise ratios of ~1800:1 for 2 mW of peak-to-peak
modulated laser power. Presented error bars correspond to relative combined
standard uncertainties (outer bars) containing contributions from random components
(inner bars) and systematic uncertainties in system constant,11 temperature, pressure,
and power.
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Figure 4.5. Measured PAS signals normalized for power and counts are shown for
flowing samples of 100 nm + 1 nm soot particles. A coincidence correction to measured
particle concentrations was performed to account for particle shielding effects in a
Ny
Ny
results converged to better than 0.5%'*; here Ny is the true particle concentration, Ny is
the measured particle concentration, g is the volumetric flow rate, and t. is the
measurement time for a condensation particle counter. Our measured long-term (5 h)

16 measurement precision is 1.5% despite dynamic soot particle number densities

=e (=Nrqt,)

condensation particle counter by iteratively solving the equation until
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Figure 4.6. Measured relative changes in absorption coefficient are presented for
measurements of 150 nm and 200 nm soot particles coated with < 10 nm thick shells of
dibutyl phthalate (DBP); this is the smallest amount we can currently apply. Presented

uncertainties correspond to ®measured I where GOlneasured 1S the standard deviation of
n

the measured absorption coefficient and » is the number of observations.
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Figure 4.7. Minimum detectable average DBP coating thickness on 100 nm soot
particles as a function of peak-to-peak laser power is shown. “Current Data’ point
represents the typical operating conditions, ~60,000 particles-cm’ and 0.2 W peak-
to-peak power, utilized in the present work. Lorenz-Mie theory calculations for
coated spheres were performed using the code of Bohren and Huffman.”> We
assumed m; = 1.55 + 0.8i and m,=1.5 + 0i for the complex index of refraction for
soot and DBP, respectively. Predicted absorption enhancements over a range of
shell thicknesses were calculated for samples of 10°, 10°, and 10 particles cm™ and
compared against our measured detection limit of a,,;,Wpp = 2x1 0° Wem™! Jor a 60
S averaging time.
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Chapter 5: Direct Measurement of the Absorption Cross-Section
of Uncoated and Coated Soot by Photoacoustic Spectroscopy

5.1 Introduction

Soot is the principal light absorbing atmospheric aerosol.” Sometimes
referred to as black carbon, soot is composed of graphitic carbon, as well as other
organic compounds. Soot is not a uniquely defined material chemically or in terms of
size distribution so that it is difficult to accurately assess its chemical and global
warming impact. While the exact impact of soot on the atmosphere is still under
investigation, it is well established that soot acts as a warming component to the
atmosphere. ® The exact contribution that soot imparts to the overall energy balance
to the atmosphere is as yet an unresolved question. The latest IPCC charts still show a
large uncertainty in the contribution soot and other light absorbing particles have on
the atmosphere. ® In fact, the contribution by particles that warm the atmosphere is
masked by the contribution of other particles (Fig. 5.1). Most atmospheric aerosols
reflect (or scatter) incoming radiation, which has a cooling effect (negative radiative
forcing). The warming effect (positive radiative forcing) is effectively unique to soot,
which has lead to its prominence as a greenhouse component. With a positive forcing
on the order of 0.5 Wm™, only carbon dioxide warms the atmosphere more. '

It is understood that soot ages when released into the atmosphere. ** % This
process usually involves the oxidation of the particles and eventual coating by
chemicals found in the atmosphere. One of the most common coatings found on soot

is sulfuric acid,*> which while weakly-absorbing in the visible, may influence the
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effective absorption efficiency of soot. ' -7 The aging of the soot leads to several
possible mixing states, including core-shell states, externally mixed states and
internally mixed states. The core-shell state that appears to be the most prevalent for
aged soot > and the experimental model used in this study. It has been shown that the
coating of soot with sulfuric acid and subsequent hygroscopic growth due to
interactions in the atmosphere lead to definite enhancement of the optical properties
of the particles. Inclusive of this enhancement, it has been shown that the absorption
can nearly double due to the coating process. 36

Soot, with its fractal structure® as seen in Fig. 5.2, is good at agglomerating
other substances onto its surface. ®. This is the end result observed as emissions from
incomplete fossil fuel combustion and biomass burning. Typically, soot is an
arrangement of smaller sub-units linked into a larger particle.

The majority of the soot particle is elemental carbon, appearing in a graphitic
form, which allows for gaps and exposed unpaired electrons that can attract other
compounds; such as oxygen, nitrogen, and hydrogen. These imperfections in the
structure allow for other substances to agglomerate and ultimately to form an organic
layer around the particle. This agglomeration enables the normally insoluble particle
to dissolve in water. *® Within this morphology, the carbon portion of soot can exist in
several basic forms. The different forms have been modeled to show different
atmospheric impacts. The three proposed models of atmospheric aerosols by
Jacobson are seen in the Fig. 5.3. One species is well mixed with the surrounding
compounds (which is referred to as internally mixed), another is co-existing, but not

well mixed with the surrounding environment (which is known as externally mixed)
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and the third as a core for a particle with a variably mixed shell.*” The latter mixing
state gives the absorptive properties of soot their particular radiative effects which
will be investigated in this experiment. The effects of these different forms were
modeled and it was found that the radiative forcing effects lie between +0.27 Wm™
and +0.54 Wm™. ¥’

Several other groups have done similar work regarding the amplification of
absorbing cores with non-absorbing coatings. Their findings are summarized in

Table 5.1.

Table 5.1: Summary of other authors’ findings regarding absorption amplification
of absorbing cores with non-absorbing coatings.

Autho A Core Material Coatn.lg Method of Aftalnlng Amphfic
r Material Absorption ation
Schnait | 200- BC internally mixed SOA Long path extinction 1821
er’? 1000 (diesel soot) cell/Nephelometer T
Slowik | 870/6 Premixed ethylene Oleic acid/
3 70 flame Anthracene PAS/MAAP 165
3
Garzlgl 535%/6 Spark discharge soot Carnauba wax MPASS/Nephelometer ~1.8
Zhang 532 Diffusion flame H,SO, and H,O CRDS/Nephelometer 2
propane
Khaliz | 55, Diffusion flame 1 1y o 04 H,0 | CRDS/Nephelometer 1.4
ov acetylene
Lack 532 BPSL Oleic acid PAS/CRDS 1.4
Xue 532 Propane diffusion charbpxyllc CRDS/Nephelometer <12
flame acid
Shirai 539 Graphite Oleic acid and PAS )
wa Glycerol

These findings span a large range of amplifications from less than 1.2 times to more
than twice the uncoated absorption. The methods involved are primarily indirect in
that they involve both an extinction and scattering method requiring the difference of

those two methods in order to determine the absorption.
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The work presented within this chapter demonstrates that the direct
measurement of the absorption cross-section of both uncoated and coated soot with a

PASm was accomplished and fits within the findings shown in Table 5.1.

5.2 Experimental

5.2.1 Experimental Outline

This experiment was two-fold in execution. Initially, evidence of
amplification of the C,, for soot by a non-absorbing coating was needed in order to
justify a further refined experiment. To do this, soot of several mobility diameters
(100, 150 and 200 nm) were generated with a diffusion flame burner and size selected
with a differential mobility analyzer (DMA). These selected soot particles were then
sent to a photo-acoustic spectrometer (PASm) for analysis. Once this measurement
was complete, the same mobility size soot was generated, size selected and then
coated with a non-absorbing coating. These coated particles were again sent to the
PASm for analysis, and the results were compared to the uncoated soot. These soots
were coated under the same conditions, and the only variable was the coating
thickness, dictated by the coating apparatus temperature. The results showed
amplification in the C,;, The second portion of this experiment was done to further
refine the single DMA (SDMA) data by in addition to size selecting the core with the
first DMA; a second DMA was used to select the coated particle size. A tandem
DMA (TDMA) mode was set up in order filter both the uncoated and coated particle
populations in order to realize a refined C, for all the uncoated and coated particle

sets. Surprisingly, the accuracy of the simpler, SDMA measurements was found to be
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higher than those of the TDMA measurements. The details of these experiments and

their results are presented below.

5.2.2 Soot Generation

The experiment is comprised of a soot generation/classification system, a
soot-coating chamber, and a photo-acoustic spectrometer as seen in Fig. 5.4. The
soot is generated in a Santoro style diffusion burner’” and sampled via a sampling
probe method described by Kim et al.*® Particle free air is delivered at 5 LPM
orthogonally to the flame. An ejector pump downstream of the sampling probe
creates a low-pressure region in the direction of the soot flow. In turn, this low-
pressure region creates a pressure difference at the flame tip, which draws the flame
into a 1 mm hole in the sampling probe at the flame-probe interface. The soot is
carried to a 5 L accumulation chamber where the fresh soot is allowed to agglomerate
in order to increase the diameter at the peak of the size distribution. From that point
the soot flows through an ejector pump to the classification system for a total flow
rate of 30 LPM after the ejector pump. Particles are sampled from this flow to the

DMA for characterization and PASm for analysis.

5.2.3 Size Classification

Differential mobility analysis is used for separating particles based on
electrical mobility and for this purpose is used as both a characterization and
preparation tool **. The basic concept behind particle preparation is to use DMA| to
size select bare soot, while DMA; is used in the TDMA experiment to further refine

the uncoated cores and to size select the coated soot. The soot particles initially pass
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through an aerosol neutralizer (ZIOPO) and then are mobility selected with DMA, (TSI
Model 3081), to generate the core size of interest. These size selected core particles
are a narrow band of particles isolated from the full particle distribution shown in the
inset of Fig. 5.5. These particles can be either sent to the PASm for analysis in the
SDMA experiment, or to DMA, for further refinement or to the coating system. To
further refine the particle population, the TDMA system is used with a second particle
neutralizer in front of DMA,. ® Normally, a single particle neutralizer is placed in
front of the inlet to the first DMA, which places a Boltzmann charge distribution on
the polydispersed particle population. However, there are a percentage of doubly and
even triply charged particles that are hidden within the major peak of singly charged
particles that are initially size selected with DMA . These will have an impact on the
measured absorption since they have more mass. In order to separate these multiply
charged particles a second aerosol neutralizer is used to further distribute the charges
on the particles prior to DMA,. Figures 5.6 A, B and C show the resulting
multimodal distributions of uncoated soot after a dual aerosol neutralizer is used for
100, 150 and 200 nm mobility diameter particles (respectively). In Fig. 5.6A, there
are four clearly visible particle peaks where each peak represents a particular mobility
size and above the peak, the original charge on the particle is shown, and what the
charge becomes after re-neutralization. For example, the peak labeled 2 — 1 in Fig.
5.6A was a doubly charged particle that once re-neutralized, becomes a singly
charged particle and consequently, after passing through DMA,, appears at a larger

mobility diameter.
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The size selected distribution is comprised of a significant number of 150 nm
and 200 nm doubly and triply charged particles in addition to the singly charged 100
nm particles. This deconvolution, however, can be repeated indefinitely, because
some portion of the multiply charged particles will always exist in the monomobility
distribution. One of two methods can be employed to better represent the size
distribution of particles that are analyzed by the PASm. One approach is to correct the
PASm signal to account for the size distribution. Another approach, and the one
employed in this analysis, is to correct the particle diameter to account for the size
distribution actually seen by the PASm. For this, the diameter of average mass (dyss)
was calculated for both the SDMA and the TDMA data from the fractional
component of singly and doubly charged particles per core size because absorption is
mass dependent. The d,;; is defined as the equivalent sphere diameter representative
of the average mass of particles in any particle distribution. How the dy 1S
calculated is described below. These charge fractions were obtained by using a
condensation particle counter (CPC) and an electrometer to count particles and
charges exiting the DMA. A relative calibration of the electrometer to the CPC was
carried out by generating 99.8% singly charged, 15 nm sucrose aerosol using
electrospray. Particles with more than two charges were not included in the analysis
due to the generally minimal number of those particles; however, the impact on the
results for the smallest core size is treated in the uncertainty section. The difference
between the charge counts from the CPC and the charge counts from the electrometer
gives a direct determination of the number of doubly charged particles. Table 5.2

presents the measured fractions for all core sizes used.
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Table 5.1: Fraction of singly and doubly charged particles for both the SDMA and

TDMA experiments.

Experimental Mode Charged Fraction o
(nm)
100 150 200
SDMA Singly Charged 0.40 0.52 0.73
Doubly Charged 0.60 0.48 0.27
TDMA Singly Charged 0.96 0.94 1.0
Doubly Charged 0.040 0.060 0.0

5.2.4 Translating Mobility to Mass

Because optical measurements are mass based, a relationship between mass
and mobility is needed. This is straightforward if the particles are spheres but more
complicated for aggregates.

In order to translate mobility diameters to mass and then d,,, several
calculations are required. The translation is based on the work of Park er al., ¥
where the scaling exponent and the particle density were explored. The mobility
mass (Massan) 1s a product of the aggregate volume (V,), calculated from the mobility
diameter (d,,), scaling law exponent (D), a pre-factor constant (C) and the density of
the particle (p,). Park et al. used 2.35 for the power law exponents and 7.35x10™" as
the mass pre-factor based on their specific diesel soot. While this would provide a

reasonable estimate for the soot in this project, a method is available in order to
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calculate the power law exponent and the pre-factor that is derived directly from the
photoacoustic signal and the mobility diameters measured in this experiment.

The TEM micrographs indicate that the soot is classically agglomerated and
that the primary particles, which are nearly spherical, are nominally 20 nm in
diameter. An estimate of the volume of these agglomerates in terms of d,, is required
for the analysis of their optical absorption. In the Park et al. study 8 of diesel soot
that incorporated both mass and differential mobility analyzers, showed that the
particle mass and mobility diameter, d,, can be correlated using a power scaling law.
Similarly, we use the following relation between the aggregate volume, V,, (which
can be converted to the Mass,, with the particle density, p,) and mobility diameter:

Massg,, ndge® (d_m)n (5.1)

Pp a 6 do

where n is the power-law exponent, d;, is the sphere-equivalent diameter, and C is the
volume corresponding to dyn = dp = 1 nm. Assuming the DMA system selects a
bimodal distribution of singly charged and doubly charged aggregates of mobility

diameters, dy, ;1 and dp, 2 , respectively, gives

1
_ dm\™ dm2\"]6 /3
de = {C|A () + - (%22)]Y (5.2)
in which the relative abundance of singly charged particles is specified by f;. The
preceding expression provides a simple relationship between the observed d,, and the
dse of the soot provided that the parameters C and 7 are known. Equation 5.3
describes the relationship between the calculated Mass;, and the mass equivalent

diameter, d,;4ss:
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6Massdm)(1/3)

Amass = ( _— (5.3)

Below, it is shown how these two quantities can be determined by fitting this
expression to measurements of soot mobility diameter and particle absorption cross-
section.

For soot agglomerates comprised of primary particles whose characteristic
dimensions are small compared to the wavelength of light, the total absorption by the
particle cluster can be estimated by summing over the set of monomer absorption
cross sections. In this approximation known as the Rayleigh-Debye-Gans (RDG)
model, interactions between soot primary particles are not considered and their light
absorption is treated as being independent of agglomerate morphology. By
comparison with more general calculations of absorbing and scattering from soot
clusters, Farias et al. * showed that the accuracy of the RDG approximation depends
on the primary particle size parameter, x,, = wdy,/A, complex refractive index, m =
m;+ i m; and number of primary particles in the agglomerate, where dj;, is the primary
particle diameter and A is the optical wavelength. Under the assumption that x,, <<1

(Rayleigh limit) the absorption cross section of a spherical monomer is given by

amxs m2-1
PP
o = Im ( ) 54
abs,pp k2 m2+2 ( )

where = 2m/A . Summing over all primary particles gives the absorption cross-
section of the agglomerate to be 04,5 = NppOapspp- After dividing Eq. 5.4 by the
primary particle volume, it follows that the absorption cross-section per-unit-volume

of agglomerate depends only on m and A and is given by

Jabs _ 34 Im (mz‘l) (5.5)

Va m2+2
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Note that the particle absorption coefficient is also given in terms of the
experimentally PAS-measured absorption coefficient, denoted by ¢, divided by the
measured particle number density, 7, so that

a

Ogps = n (5.6)

From Egs. (5.1-5.6) we obtain,

foskm(Z)c[A () +a-p (=) 6
Where the C and 7 coefficients were determined as well as a set of dg soot core
values by fitting the absorption model embodied in the right-hand-side of Eq. 5.7 to
the measured values of o/n, dn1, dnmy and fi obtained for uncoated soot. These data
correspond to a total of six measurements: three for the SDMA and TDMA
experiments, respectively. C, 17 were the only floated parameters used in the fitting
procedure. In order to evaluate the foregoing expressions, a value of m consistent
with previous ethylene soot measurements by Zhu et al. ! were assumed. The
assumed value of absorption coefficient was corrected to A=405 nm to yield a mass-
specific value of 10.88 m? g'l, which corresponds to o4ps/V, =0.0196 nm™ assuming
a soot density of 1.8 g cm™. Given that m is complex, there is a family of m values of
paired real and imaginary components that when substituted into Eq. 5.5 yield this
wavelength-corrected value of o,,s/V,. Of these m values, the fit shown in Fig. 5.7
was based on m = 1.51 + 0.9 i, which yielded C = 2.528 nm® and n = 2.285.
Importantly, the fitted exponent 77 is completely insensitive to the choice of m as is

the flatness of the fitted o,,s/V,. These data strongly support the RDG assumption
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that leads to being independent of effective particle volume. However, changing m
alters the fit-derived V, and d,,. for the various data points as well as the magnitude of
the fitted oy,;/V, value. Setting the recommended value for m the value 1.55 + 0.8i,
gives a result about 10% low of the value corresponding to the mass-specific
absorption coefficients reported by Zhu et al. o1 Figure (5.7) also illustrates the
expected g,ps/V, based on a Mie theory calculation of the absorption cross-section
based upon the treating the agglomerate as a spherical particle. These data show that
this approximation tends to overestimate the value of a,,,/V, for particles of
effective diameter greater than about 40 nm.

Table 5.2 shows the results for d,, for both experiments based on a density

of 1.8 g/em® > %

and the V, calculated previously. It should be noted the TDMA data
show smaller average d,. for all core sizes. This demonstrates that the second
aerosol neutralizer reduces the fraction of doubly charged particles processed by
DMA,. These values will be used below in comparing Mie theory predictions with
our results.

Table 5.2: Combined average mass diameter for the singly and doubly charged

particles for both SDMA and TDMA experiment.

Mobility Diameter SDMA d 1455 TDMA d 455
(nm) (nm) (nm)
98.2 70.2 56.9
151.2 94.2 79.8
201.7 107.7 96.3
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While there are ultimately still some multiply charged particles passing
through DMA,, the amount is drastically reduced, therefore, the particle peak of
interest is a more monomobility population than when using only a single aerosol
charger. With this system, any changes made to the size selected soot can be
observed by a change in the PASm signal in the SDMA experiment or by scanning
the soot with DMA,; in the TDMA experiment. Particle counts are made with a

condensation particle counter (CPC) TSI model 3025A.

5.2.5 Coating System

The coating apparatus is located after DMA, for both experimental modes.
The coater consists of a one meter long, 2.54 cm diameter stainless steel tube with a
0.32 cm thick polyester felt fabric inner wall liner saturated with the coating material.
Due to the caustic nature of H,SOy, dibutyl phthalate (DBP) was used as the coating
material. The DBP is non-absorbing at the wavelength of interest and has a low
volatility, making it a good surrogate for the H,SO,4 as well as other partially oxidized
particle coatings in the atmosphere. The stainless steel tube is wrapped in heating
tape, which is then wrapped in insulation to reduce temperature fluctuations.
Temperature stability of the coating system was + 0.1 K. The heating is controlled
via proportional-integral-derivative controllers, and the temperature was measured at
the wall of the tube as well as inside the tube in the particle flow. A bypass tube
parallel to the coating tube allows the passage of soot along the same path as the
coated soot without encountering any coating material. With an approximate 1.5
LPM of soot flow through the coating tube, the 11 s residence time allows the exiting

gas to have a vapor pressure of at least 90% of the saturation vapor pressure of DBP
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at the set temperature. The length of tubing required to ensure adequate coating was
based on diffusion plug flow calculations from Carslaw * and Hinds. * Immediately
following the heated coating section, a chilled 0.3 m section of the same tube
promotes heterogeneous condensation of the coating material onto the soot
agglomerates. From this point, the coated particles are sent to the PASm for the
SDMA experiment or sent to DMA, for scanning and characterization in the TDMA
experiment.

The coating apparatus also acts as a charge separator because the temporal
behavior of the coating process follows a heterogeneous growth law.” This
phenomenon is exploited for the TDMA experiment. As the particles grow, the
influence of the original core size becomes less pronounced, and the singly and
doubly charged coated particles essentially grow toward the same size. This
approximation is most valid for larger core particles, and larger coating thicknesses.
The multiply charged, larger core coated particles exit the DMA at a smaller mobility
diameter than the singly charged coated core particles, thus effectively isolating the
singly charged coated core soot particles of interest. Figure 5.5 shows the size
distribution measured by DMA, for uncoated 100 nm soot cores (the solid line) as
well as coated particle distributions obtained at different coating conditions (dashed
lines). The apparent bimodal distributions of the coated particles are an artifact of
multiple charging rather than two distinct size modes. In order to provide credibility
to the assumption that the bimodal distribution is due to multiply charged, single
diameter particles, an adjusted mobility diameter for the larger peak was calculated

assuming a doubly charged particle and the results show that the doubly charged peak
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appears where the experimentally smaller peak appears. While there is still some
overlap in the coated particle distributions, especially for the smaller coatings, an
estimation of the contribution by larger core particles can be made to properly assess
the absorption properties of the particles of interest. This allows for a clean photo-
acoustic measurement of the coated particles of interest. At this point, once the
particles of interest are selected with the second DMA, the particles flow through the

PAS system and then to the CPC for counting.

5.2.6 Photoacoustic Spectrometer
The PASm system used in this experiment is described in Chapter 3. The
details on how the system operates and how the data are interpreted can be found

there as well.

5.3 Results

5.3.1 Uncoated Soot

Differential mobility sized soot cores of 100, 150 and 200 nm were analyzed
in the experiment. All core sizes were coated with different thicknesses of DBP
ranging in size from 20 nm to over 150 nm. The coating thickness is defined as the
difference between the coated particle mobility diameter and the initial uncoated
average d,,,ss Soot particle.

The uncoated soot mass absorption cross-section in m*/g (MACs) for 100, 150
and 200 nm particles was computed. The MACs is the cross-sectional area per gram
of soot that absorbs light and is the absorption cross section per particle divided by

the mass of the particle. This quantity is calculated from the measured absorption
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cross-section and the Mass,,, given by Eq. 5.1. The average MACs for both the
SDMA and TDMA experiments of 10.8 mz/g found in this experiment are within the
bounds of previously reported MACs of 1.5 to 254 m2/g for the products of
incomplete combustion®®and on par with the MACs reported specifically for several
diffusion flame soot of 10.1 £ 0.5 m2/g adjusted for wavelength,% 13.3 m2/g adjusted
for wavelength Tand 11.4 m2/g adjusted for wavelength 335 reflected in Fig. 5.8.

In Fig. 5.8 both the SDMA and TDMA MAC:s are plotted for the three core average
dmass‘s. Both the SDMA and the TDMA values essentially lie on the same horizontal
line. This implies that the mobility to mass conversion is consistent for the two sets of
data. Any significant deviation would imply that the conversion of the mobility of
the aggregate to mass was problematic. Also plotted is the Mie theory calculation for
the d,,..ss With an index of refraction of 1.51 + 0.9i. The Mie code used was based on
Bohren and Huffman.*> Shown in Fig. 5.8 are two ranges of reported MACs from
Bond and Bergstrom”® and Choi er al.”® The Mie cross-section is significantly higher
and may reflect an uncertainty in either the refractive index, limitations of Mie theory
to accommodate agglomerates and/or errors in the mobility to mass conversion. The
decrease in the Mie theory cross-section as a function of size reflects the effects of
optical thickness in a sphere. This effect is not seen for our aggregates since to first
order the total absorption in the experiment is the sum of individual absorption of the
primary particles comprising the aggregate, which are individually in the thin
absorption limit. To better determine the MACs, an independent measurement of

particle mass would be required. However the purpose of this work is to evaluate the
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amplification effect and not a definitive determination of absorption cross-section for

soot.

5.3.2 Coated Soot

Initially, a SDMA experiment was performed where a core size of soot was
first size selected and then sent on to the PASm for analysis. Subsequently, the same
particle population was sent from DMA, into the coating apparatus and then the
PASm for analysis. This experiment was run at several different temperatures
producing several coating thicknesses. Again, Fig. 5.5 shows an example of the
coating thicknesses applied to the uncoated 100 nm soot. Fig. 5.9 shows the absolute
values for the C,, for both the SDMA and TDMA modes as a function of relative

coating thickness defined as:

dm t _dmass
Dr(Dcoat) = (@m(coar) ) (5.8)

dmass

It is clear that for all three SDMA core sizes (70, 94 and 108 nm), there is a
monotonic increase in absorption cross-section with increasing coating thickness
indicating that amplification is taking place. All coated particles exhibit amplification
ranging from a few percent to nearly 90% as shown in Fig. 5.9. The key figure and
major impact of this experiment is the low uncertainty/high accuracy of the
amplification for the SDMA measurements. The uncertainty in the amplification is
within the size of the plotted symbols. The slight variability in the amplification is
thought to be from a slight change in the soot particles from day-to-day generation.
There could also be a slight change in the width of the droplet distribution for a fixed

peak size of the droplets.
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The TDMA system employed a second aerosol neutralizer. The results are
qualitatively consistent with the SDMA results and amplification of the C,, is seen in
all the cases with values ranging from several percent to nearly 70% amplification.
Surprisingly and as indicated by the larger error bars, the measurement repeatability
is not as good for the TDMA measurements. In all three SDMA core sizes, the
absorption amplification increases with the reduced coating thickness, while for the
TDMA decreases and then increases with increasing coating thickness.  The cause
of this apparently anomalous result is likely a combination of the effects described
below. The accuracy of the absorption measurements is better for the SDMA
because of the approximate order of magnitude higher concentration. Secondly, there
is a difference in the charge fraction for the uncoated and coated particles. This will
have the largest effect for small coating thicknesses. The third reason relates to the
measurement of the absorption cross-section of the uncoated particle. For the SDMA,
this measurement is made within minutes of the measurement for the coated particle.
For the TDMA, there is a longer delay because the TDMA must be reconfigured for
the coating measurement. In fact, typically the value for the uncoated soot for the
TDMA is the average of measurements made on several days. This leads to a larger
uncertainty in the amplification because of the 12% standard deviation in the
repeatability measurements of the absorption cross-section with the TDMA method.

Figure 5.10 demonstrates consistency between theory and measurements for
SDMA. The Mie code % used requires a core size input (the d,,,) and a total coated
particle diameter (d,) as well as an index of refraction for both the core and the

coating (1.51 + 0.91 and 1.495, respectively). The solid and dashed lines in Figure
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5.10 are the theoretical amplifications at several reasonably possible indices of
refraction ranging from 2.0 + 1.0i to 1.3 + 0.3i *® with the assumed index of refraction
of 1.51 + 0.9i for this specific soot. All the lines modeled in Fig. 5.10 increase upon
the onset of amplification; therefore, amplification occurs in all cases, regardless of
the index of refraction modeled or the coating thickness. Again this result is

consistent with the SDMA and TDMA measurements.

5.3.3 TEM Characterization

Coated and uncoated soot were collected on TEM grids with a nano-aerosol
sampler (TSI Model 3089) to observe the effect of coating on the soot particles.
Figure 5.11 is a set of TEM images of uncoated (upper quadrants) and coated 150 nm
(lower quadrants) mobility selected soot particles. The TEM images were taken with
a cold stage mode on a JEOL Jem 2100 Microscope. The temperature was
maintained at -167 °C for both the uncoated and coated particles. Figure 5.11 clearly
shows soot aggregates. Figure 5.11 shows 150 nm mobility selected soot, which was
coated with DBP to a total particle size of 320 nm. The aggregates in Fig. 5.11
(lower quadrants) are collapsed and show a more spherical morphology than the
uncoated particles in the upper quadrants. While visual evidence of the coating
material is not obvious, the aggregate collapse and the fact that the particles were
collected while DMA?2 was set to only allow 320 nm particles is clear indication that

the particles were indeed coated.
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5.3.4 Uncertainty

Several sources of uncertainty exist in any experiment, and they will be
delineated in this section. Traditionally, it is assumed that a more refined,
sophisticated experiment reveals better results. It will be shown, that in the case of
this study, the simpler, less sophisticated SDMA experiment produced more reliable
and repeatable results than the more complex TDMA experiment. Exactly the
reasons for this apparent paradox are not known, but certainly a much smaller
working sample for the TDMA experiment would be a logical reason. The
compliment to this deficit in particle counts is the sensitivity of the PASm. As further
proof, the more sophisticated approach taken by Shiraiwa e al.”’ reveals uncertainties
in the 25% range while the uncertainties in the SDMA presented within are in the few
percent range. As with any measurement, more sample availability and more
sensitive equipment will almost always improve any given results. This study shows
that sometimes less is more.

The first source of uncertainty derives from a fundamental issue in this
experiment; a mobility measurement does not equal a mass measurement. Because
absorption is directly related to mass, it is imperative to convert the DMA measured
mobility diameters to a mass based measurement. As detailed earlier, the power law
exponent and the volume pre-factor were derived empirically in order to determine a
mass based diameter and are in good agreement with the values from Park et al.”?
Moreover, the mere assumption that the density of the soot generated is accurately
known is also only that, an assumption. However, the uncertainty is reduced through

the empirical derivation of the power law exponent and the volume pre-factor using
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the RDG theory. The aerosol measurements in this study consist of the absorption
cross-section, the mobility diameter, the number concentration, and the electrical
current of the aerosol. Estimates of the uncertainty in each of these quantities are
given below. There is a 1.0% uncertainty in the absorption coefficient (u.) arising
from the difference between the calculated and measured cell constant for the O, A-
band calibration measurement. ' The random component of the uncertainty (u;) is
0.7% for an absorption coefficient of 2.7 x 10%m™.

The DMAs used in both studies were calibrated using NIST SRM 1964 (60
nm Polystyrene Latex Spheres), which has an uncertainty of 0.5%. "> The observed
peak particle size for the 60 nm spheres in suspension aerosolized with an
electrospray was within 1.0% of the certified diameter. No correction was made for
this small deviation. An additional 2.0% uncertainty is included to account for day-
to-day variability in the sheath flow meter together with the varying atmospheric
pressure. The combined mobility diameter uncertainty (Ucomb dm) 1S computed as the
root-sum-of-squares (RSS) of the three components listed above and has a value of
2.3%.

The reported uncertainty for the CPC is 10% up to and including 10’ particles
per cm’. For the TSI 3068A electrometer, the uncertainty in the current is not
specified by the manufacture. The electrometer was calibrated relative to the CPC by
generating singly charged, 15 nm sucrose particles by electrospraying a 0.16% by
volume sucrose solution. The sucrose passed through a neutralizer and DMA before
being directed to the CPC and electrometer. Because of the small particle size, the

doubly charged fraction was negligible with an estimated fraction 600 times smaller
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than for the singly charged particles. Comparison measurements for the two
instruments were made at concentrations of approximately 7x10%, 2.5x10", and 8x10°
particles per cm®. In each case the CPC measurement was coincidence corrected.
After converting the electrometer reading to a particle concentration, the average ratio
of the electrometer number concentration reading to the CPC number concentration
was 1.07+ 3% uncertainty.

The quantities of greatest interest in regard to light absorption are the
absorption amplification, the absorption cross-section, and the average d,.s;. The
uncertainties in these quantities were determined by propagating the uncertainties in

the measured quantities described above. The Cy ;s (cm2/particle) is expressed as:

Kabs
Cabs — —abs (59)

Ncpc

where K, is the absorption coefficient (cm'l) and the N (particles/cm3) is the
number concentration from the CPC. The K, and N, are obtained every second
and then the ratio of the one minute averages is computed to determine the Cgp,. It
was found from multiple experiments extending for several hours that the N,. and
K.»s may drift by as much as 20%; however, the variation in the C,;sis much less with
a nominal standard deviation of 3%. Measurements on five separate days over a one-
month time span for the 100 nm mobility size had a larger variability with a day to
day standard deviation of 9 %. The cause of this larger variation is not known. One
possibility is a slight variation in the size distribution/morphology in the soot being
produced. The estimated random component of the uncertainty in the C,; was

computed as the RSS of the within-day standard deviation and the day-to-day
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standard deviation and has a value of 6% and is used as our measure of the random
component of the uncertainty in the absorption cross-section. This value is used for
the error bars in Fig. 5.9 for C,, for both the coated and uncoated spheres.
Additionally, the uncertainty component of the CPC is 10%. Computing the RSS of
the random component and the number concentration uncertainty reveals a combined
uncertainty in the C,; equal to 11.7%.

The absorption amplification is the ratio of the C,, for the coated versus
uncoated particle:

Kaps(coated)
absorption amplification = N(€0ated /(abs(uncoated) (5.10)
N(uncoated)

The SDMA experiment was designed to switch from measuring the coated to
uncoated particles in a few seconds by switching two valves. It was found that the
number concentration varied from 1% to 4% for the coated versus uncoated particles.
Therefore, the uncertainty in the absorption amplification is primarily due to the
uncertainty in the ratio of the K, values. For these measurements the absorption
coefficient is 2.7 x 10° ecm™ or greater corresponding to a random uncertainty of
0.7%. The cell constant uncertainty does not contribute to the total uncertainty
because the ratio of the absorption coefficients was computed. The total uncertainty
for the absorption amplification is computed as the RSS of the random uncertainties
in the absorption coefficient of the coated and uncoated particles (both 0.7 %) and the
result is a value of 1% for any single measurement. Variability from measurement to
measurement with respect to the expected trends is likely due to sample differences in

each measurement, rather than uncertainty in the measurement itself. The low level
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of uncertainty shown is further proof of the quality of the absorption amplification
measurement in this study.

Another source of uncertainty is in revealing the fraction of singly and
multiply charged particles. An empirical approach was taken in order to deconvolve
the particle distributions into the singly and doubly charged particles. The procedure
is outlined earlier in the paper, but the impact will be detailed in this section. It is
well known that in DMA measurements particles of different sizes will appear as one
size if the charges are different on said particles. For example, a 100 nm mobility
diameter particle that is singly charged has doubly charged, 150 nm and triply
charged, 200 nm particles appearing as the same mobility diameter. While the
percentage of these larger particles is small with respect to the total particle count,
their impact is felt when making an absorption measurement. The mass of the larger
mobility particles can be 3 to 6 times (for the 150 and 200 nm particles respectively)
larger than that of the 100 nm particles. These more massive particles can contribute
significantly to the absorption coefficient measured by the PASm. If the particles
contributing to the absorption are assumed to be all the same, the signal will be
grossly misinterpreted and over predicted. A first order method for assessing the
percentage of larger particles in each core size distribution is detailed earlier, but the
important point to note is that experimentally, only the single and doubly charged
particles can be determined. The triply charged are assumed to be somewhat
negligible but not nonexistent and rolled into the uncertainty of the measurements.
The assignment of singly and doubly charged particles to each core size ultimately

determines what average mass based diameter is assumed to be in the PASm during
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any absorption measurement. Adjusting the representative particle size appears to be
the simpler and reasonable approach rather than adjusting the absorption
measurement to fit a predetermined mobility diameter. Once again, the major impact
of this assumption is felt in the accuracy of the MACs reported; however, there is
some impact in the amplification as well. While the impact is more obvious in the
calculation of the MACsS, in terms of the amplification, the difference between the
coated particle and the core particle is affected.

The fractions of singly and doubly charged particles were needed for computing the
uncertainty in the mass of the soot agglomerates and the average d,.;. The fraction
of singly and doubly charged particles given in Table 1 is computed using the

following expressions;

N
AE/Cl — Nepe = N, (5.11)

Ny = N¢gpe — N (5.12)
where N; and N, are the concentrations of singly and doubly charged particles and
C;=1.07 1s the calibration factor measured with the CPC as discussed above. The
effect of the uncertainty u(C;), which is equal to 3%, on N; and N, are computed by

propagating the uncertainty in C; with the resulting expression:

u(Ny) = u(y) = FEEEDu(Cy) (5.13)

A 3% increase in C; is results in an increase of about 0.04 for the fraction of singly
charged particles and a decrease of about 0.04 for the fraction of doubly charged

particles for all three particle sizes.
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Another source of uncertainty is the possibility of triply charged particles.
Because of the rapid decrease in the size distribution above 200 nm, the 100 nm
mobility diameter particles are the most likely to be impacted by triply charged
particles. To estimate their impact, we assume that 10% of the particles are triply
charged and adjust the fractions accordingly. Below, the effect of the triply charged
particles on the average d,,;; was estimated.

The sources of uncertainty for the Mass,;, derived from Eq. 5.1, the particle
density and the charging fraction are described above. These uncertainties are
propagated to the total uncertainty in the mass. For the two larger core sizes, the
mass uncertainty is about + 7%. For the nominal 100 nm particle size the uncertainty
is about +20% as a result of the large contribution from the presence of triply charged
particles. The triply charge fraction only affects the plus uncertainty bound. The
minus bounds are the same as the other two particle sizes. The uncertainty limits for
MAC:s in Fig. 5.8 is estimated as the RSS of 6% for the day-to-day standard deviation
for the cross-sectional measurement together with the 7% uncertainty in the mass and
is equal to 9.2%.

The d,q5 1S computed from the average mass per particle using Eq. 5.1. As
expected from the 1/3 exponent in Eq. 5.3, the uncertainty in average d,;s given in
Table 5.2 is about 1/3 the uncertainty in the mass and ranges from 6% for the smallest
particle size and 2% for the two largest.

In order to relate coating thickness to amplification, the size of the particles is
required. As explained before, the core particle size has been converted to an average

mass diameter, but the coated particles are not converted into a mass based

105



measurement. The impetus for not converting the coated particles into mass based
diameter is that the coated particles are assumed to be spherical. A spherical particle
has the same diameter when measured by a DMA as with any other method. In other
words, the ultimate goal of the mass based conversion of the core particles is to
convert an aggregate into an equivalent mass sphere. Once the core particle is
converted to a spherically equivalent diameter, it can then be compared to the
spherically assumed coated particles. The basis for the assumption that coated
particles are spherical is the Friedlander'® work previously described in this paper.
This assumption has its major impact on the determination of the coating thickness
assumed in each measurement. The uncertainty in the reduced droplet size, D, (D oar)
is defined by Eq. 5.8. The major source of uncertainty is in the value of average d,4ss
of the core particle. It is found from propagating the uncertainties in average duss
and d,, for the droplet, that for absorption amplifications greater than 0.5, the
uncertainty in D, (drop) is about 5%.

While the experimental uncertainty is shown in all the plots where applicable,
the total experimental uncertainty is not necessarily reflected in the error bars. The
total experimental uncertainty is described in Table 5.3 below. Included in this total
uncertainty are the uncertainties that could be considered systematic and not
necessarily reflected in the day-to-day repeatability. An example of this systematic
uncertainty would be an offset in the CPC. While this offset would be constant,
therefore, not seen from day to day, it would ultimately affect the relationship

between the experimentally determined values to the true values.
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Table 5.3: Total experimental uncertainty percentages

. Caps Cus d s MACs D, (coat)
Quantity Amplification | (cm?/particle) Massan () (nm) (m*/g) (nm)
Random +6.0 +6.0

(+20.0-6.0)" | (+6.0- (+22.0- (-22.0-4.0)"
Total | +10 =117 6 200420 | 92792 |-4.0

“ Effect of triple charges on smallest core particle size for SDMA. The 2™ set of uncertainties are
for the larger two core sizes.

While most researchers tend to not detail the sources of uncertainty in their
work, it was felt that due to the importance of this work, detailing the points where
improvements can be made is critical. All of the issues presented in this section can
be dealt with experimentally. And future work in this area will explore reducing
these uncertainties. This experiment was designed to assess the impact of a non-
absorbing coating on an absorbing core and that portion of the experiment is robust

and rigorous and the uncertainties have been minimized to + 1%.

5.4 Conclusions

In this study soot from a flame were generated in a well-controlled manner,
and size selected particles were coated with DBP in order to study the effect of a non-
absorbing coating on an absorbing particle. The data reveal that for soot, coating with
a non-absorbing material does lead to an overall increase in the effective C,p;.
Absorption amplifications at 405 nm, ranging from few percent to nearly 90% were

observed with relative coating thicknesses of a few percent to over 300% for soot
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core sizes of 100, 150 and 200 nm mobility sizes. The range of the amplification of
the C,ps due to the non-absorbing coating correlates with the theoretically predicted
amplification as the core particle size increases, implying that as the larger aggregates
are coated, they behave more like spheres. While there are several other studies that

32, 33, 35, 36, 61, 77 . . ..
> those studies either use indirect

have tackled this problem
measurements of the absorption or use surrogates for soot and atmospherically
relevant coatings or still a different range of particle coating thicknesses. With respect
to those studies, this study demonstrates similar levels of observed absorption
amplifications with directly measured absorptions, and high levels of precision using
soot. By using a custom-designed, first principle PASm together with sequential
measurements of coated and uncoated particles, accurate absorption amplification
measurements were made with an uncertainty of %. , which for similar experiments
found in the literature are on the other of 25%.”” In the case of the Shiraiwa et al.,
the larger uncertainty is a result of the uncertainty in the measurement of the
absorption cross-section of the coated and uncoated particle.

The results are consistent with a core-shell Mie theory calculation of the
absorption enhancement with a uniformly increasing enhancement with increasing
relative coating thickness. For all three SDMA core particle sizes (70 nm, 94 nm, and
108 nm), the maximum observed amplification was 1.7 to 1.8. For coating
thicknesses in the range of 1 nm to 20 nm, enhancements in the range of 1.02 to 1.28
were observed

Under microscopic examination, we observe definite particle restructuring due

to the coating material. As to whether restructuring occurs due to coating or its
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removal we were unable to ascertain. Finally, a MACs for each soot core size was
calculated. The MACs for the SDMA and TDMA experiments is 10.8 + 0.4 mz/g.
These results are slightly less than the calculated theoretical MACs of 12.4 + 0.3m2/g,
but they are well within the bounds of the MACs found in various studies. 9698 The
results from this experiment further confirm that a non-absorbing coating on an

absorbing soot core does indeed effectively increase the absorption cross-section.
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5.5 Figures
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Figure 5.1: Comparison of climate forcing from IPCC for several greenhouse

components. Note that absorbing aerosols are lost within the total aerosol and

the nearly 100 % uncertainty on the aerosol bar.
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Figure 5.2: Transmission electron micrograph of a soot agglomerate denoting
fractal structure of soot.
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Figure 5.3: Possible mixing states of absorbing aerosols in the atmosphere as
proposed by J acobson”’.
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Figure 5.4: The SDAM and TDMA experimental set up as used in this study. Soot can
follow two different paths after size selection with DMA;. Soot can pass through a
second aerosol neutralizer for uncoated measurements or can pass through the coating
apparatus and then DMA,; for PAS analysis. Both paths ultimately arrive at a CPC for
counting. The SDMA experimental set up is the same with the exception of the second
neutralizer and second DMA.
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Figure 5.5: Particle distributions for 100 nm uncoated soot (solid thick line) and
multiple representative coated soot distributions (dashed lines) during the SDMA mode.
Each set of dashed lines is a different coating thickness for the same core size. Inset
shows the full flame distribution measured using a single DMA.
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Figure 5.6A: 100 nm size selected soot that was run through a TDMA system with two
neutralizers. The notation 2 — 1 indicates an initially doubly charged particle (2) is now
a singly charged particle (1).
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Figure 5.6B: 150 nm size selected soot that was run through a TDMA system with two
aerosol chargers in place.
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Figure 5.6C: 200 nm size selected soot that was run through a TDMA system with two
aerosol chargers in place.

117



3.0x10™-

=Mie for 1.51+0.91
———— =Zhu for 1.51+0.91
0.5 = =RDG for 1.51+0.9i
- mmee- =RDG for 1.55+0.8i
[ ] =Experimental TDMA
| =Experimental SDMA

: 254

2

(]

g ||

B 2.0 B 1.5140.9i
9 -y

I B e e e e e L PP L 1.55+0.8i
g~

=g L34 o

g = Ve = CLA( )" + fodpy)"] = T2

E € =2.528 nm®

Fam) = sZozonm

Lg 1.0 n = 2285

S

B

Q

wv

o

<

0.0

I I [ I I

I |
0 20 40 60 80 100 120
dge (nm)

Figure 5.7: Fit for Mie and RDG theory at 1.51 + 0.9i (and also 1.55 + 0.8i for
RDG) as well as the experimental SDMA and TDMA measurements for the
absorption efficiency per aggregate volume with respect to the sphere equivalent
diameters. The fit at 1.51 + 0.9i agrees with the experimental data measured.
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Figure 5.8: MACs for the experimentally measured data in contrast to the theoretical
MAC:s (orange line) versus the average d,;; ;. Solid squares are SDMA and open squares
are TDMA experimental data. The values denoted with the single* refer to the values in
Bond and Bergstrom (2006) of 1.5 to 25.4 m2/g and the value denoted with the double **

refer to the values in Choi et al. (1995) of 10.1 mZ/g, Slowik et al. (2007) of 13.3 m2/g,
Zhang et al. (2008) of 11.4 m*/g and are specifically those of diffusion flame soot and
have been adjusted to match the wavelength used in this experiment (405 nm).
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Figure 5.11: TEM micrographs of 150 nm mobility size uncoated soot (upper
quadrants) and 150 nm mobility size soot coated with approximately 100 nm thick DBP
shell (lower quadrants).
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Chapter 6: Conclusions

6.1 Summary

The impetus for this work was a desire to contribute to the overall global
climate change problem and lend experimental results to one segment of the climate
change community. The issue of absorbing aerosols is one that has only recently
been brought to the attention of the research community and much of the work started
with field studies. While field studies are critical, experimental studies that control
the majority of variables help pinpoint the source of the phenomena explored. This
research provides one of many answers to a large and complex question.

The first major undertaking was to answer the initial question asked, will a
non-absorbing coating on an absorbing particle effectively increase the absorption
cross-section of said particle. The answer, yes, a transparent coating on a soot
particle can double the absorption. Not only does a non-absorbing coating on an
absorbing core effectively increase the absorption cross-section, but the results are on
par with other similar studies. Within the bounds of the work, a doubling of the
absorption cross-section was found and the soot agglomerate was found to be
optically thin. The total mass of the soot contributes to the absorption properties of
the particle. This is critical to the climate change community because Mie theory
predicts that the total mass will not contribute to the absorption. Models can now
incorporate a total mass absorption component in order to properly assess the impact
soot has in the atmosphere. Not only was this result realized, but the uncertainty in

the measurement was extremely small, on the order of 1%.
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Subsequently, the custom built, first principles PASm was put to the test as a
greenhouse gas sensor. The absorption cross-section of CO, was measured and found
to be within 3% of the predicted line profile. Photoacoustic spectroscopy is a fast,
inexpensive and precise measurement tool. This was shown with the CO; and the
subsequently shown to be extremely sensitive when it was shown to be able to
measure sub-monolayer coating thickness on soot aerosol.

In conclusion, the road has been long and hard, but the pay off has been well

worth it. Veni, vidi vici fumus.

6.2 Future Work

Several suggestions for future work will be presented herein. Most obvious is
the need for a mass measurement for the particle generated. Absorption is a property
of mass, ergo, a mass measurement would seem appropriate. This would be possible
by employing a DMA-aerosol particle mass analyzer system. While this was not
possible for the work presented, it would be a relatively simple implementation into
the existing system in the near future.

Further expansion of the photoacoustic spectrometer with multiple
wavelengths would expand the breadth of the measurements. The measurements
presented herein were limited by single wavelength measurements (with the
exception of the CO, which was performed with an appropriate A laser). A multiple
wavelength PASm would benefit the climate change community as many commercial

instruments that are widely employed typically measure at short, medium and longer
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visible wavelengths. Our system was tuned to provide a unique window not

commonly explored in the climate change community for soot.
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Included in this appendix is the raw soot data which

experiments (Chapters 4 and 5).

Appen

dix

was used in both sets of soot

Cans
d,, Core Cabs Cans (cmzls:rticl Cans Cabs Cans Cabs
(nm) (cmzlparticle) (cmzlparticle) e (cmzlparticle) (cmzlparticle) (cmzlparticle) (cmzlparticle)
TDM 1.55263E-
A 98.2 2.04768E-11 2.19087E-11 m 1.51266E-11 2.13933E-11 2.0174E-11 1.78727E-11
Data
Core 151.2 5.00396E-11 5.86713E-11 4'0418163& n/a 5.43344E-11 5.29406E-11 5.07113E-11
201.7 8.97171E-11 1.06309E-10 7'34161981:‘- 7.18141E-11 1.00834E-10 9.73565E-11 9.31937E-11
Cabs Cabs Cabs Cabs Cabs
dn, Core (nm) (cmzlparticle) (cmzlparticle) (cmzlparticle) (cmzlparticle) (cmzlparticle)
SDMA 98.2 3.70E-11 4.10791E-11 3.48965E-11 3.53275E-11 3.27312E-11
Data
Core 151.2 8.32E-11 8.58602E-11 7.91707E-11 8.00369E-11 7.4818E-11
201.7 1.38E-10 1.31879E-10 1.36478E-10 1.36206E-10 1.26454E-10
TDMA 100 nm Core 100 nm Core 150 nm Core 150 nm Core 200 nm Core 200 nm Core
Coating Tem dgpg Core + Coated Cross- dgpg Core + Coated Cross- dgpg Core + Coated Cross-
(Cg') P Coating Section Coating Section Coating Section
(nm) (cmzlparticle) (nm) (cmzlparticle) (nm) (cmzlparticle)
TDMA
Experi 1
Data RT 56.9 1.89255E-11 79.8 5.11972E-11 96.3 9.03849E-11
Coating . : - : . g . : -
Measurements
Uses dgpg as core 32 157.5 1.76216E-11 163.4 4.8977E-11 167.3 9.73266E-11
size
33 174.8 1.3152E-11 167.2 3.56836E-11 176.2 7.17631E-11
34 251.9 1.95246E-11 229.3 6.0028E-11 2255 1.21258E-10
35 262.1 2.78462E-11 229.3 6.93206E-11 255.9 1.50451E-10
36 2727 2.81582E-11 250.1 7.16107E-11 259.7 1.44155E-10
SDMA 100 nm Core 100 nm Core 150 nm Core 150 nm Core 200 nm Core 200 nm Core
Coating Tem dgpg Core + Coated Cross- dgpg Core + Coated Cross- dgpg Core + Coated Cross-
( Cg_) P Coating Section Coating Section Coating Section
(nm) (cmzlparticle) (nm) (cmzlparticle) (nm) (cmzlparticle)
SDMA Results
Experimental
Data RT 70.2 3.61981E-11 94.2 8.06215E-11 107.7 1.33899E-10
Coating
Measurements 19 88.0 3.72267E-11 126.0 8.49316B-11 169.0 1.42535E-10
Uses dgp¢ as core
size
28 95.0 4.65004E-11 126.0 1.02558E-10 163.0 1.63362E-10
30 177.9 4.68686E-11 196.5 1.0646E-10 231.1 1.83966E-10
32 227.5 5.85951E-11 242.1 1.28359E-10 285.6 2.16822E-10
33 251.1 5.62243E-11 267.4 1.29461E-10 315.7 2.21566E-10
35 280.0 6.73947E-11 2925 1.48678E-10 362.8 2.49557E-10
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The data table below is the raw data acquired directly from the LabView data
acquisition program written in order to collect the PAS signal as well as the CPC
counts in order to calculate the particle absorption cross-section.

LIA "x" LIA "x0" LIA "y" LIA "y0" P-P Power LIA"R" Phase Time Elapsed Counts Cal Alpha/par
V) [\%) W) W) (W) [\%) (Degrees) (s) Signal Con Alpha t
-5.9192E- 1.11655E- 1.17651E- 80103.7008 2.78503E- 3.47678E-
06 -1.422E-07 05 9.164E-07 0.211220138 05 117.9295282 31 2 20 06 11
0.00000576 1.08787E- 0.00001143 78154.3464 2.70753E- 3.46434E-
4 -1.422E-07 05 9.164E-07 0.21124426 9 117.9164449 94.3125 3 20 06 11
-5.6924E- 1.07552E- 1.12963E- 76695.4213 2.67402E- 3.48655E-
06 -1.422E-07 05 9.164E-07 0.211222868 05 117.8911131 157.625 5 20 06 11
-5.6951E- 1.07699E- 1.13104E- 77112.6142 2.67767E- 3.47242E-
06 -1.422E-07 05 9.164E-07 0.211198463 05 117.8697628 220.890625 8 20 06 11
-5.6539E- 1.07034E- 1.12322E- 77245.8341 2.65868E- 3.44184E-
06 -1.422E-07 05 9.164E-07 0.211236399 05 117.8443978 284.171875 9 20 06 11
-5.5762E- 1.05509E- 1.10613E- 76173.1948 2.61817E- 3.43713E-
06 -1.422E-07 05 9.164E-07 0.211240723 05 117.8567356 347.484375 5 20 06 11
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