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SUMMARY

Formic acid partitioning was investigated at two sites in the southeast U.S., Yorkville, GA and
Jefferson Street (JST). Previous studies in the southeast have shown that observed formic acid
partitioning to fine particles did not agree with predicted partitioning due to very low predicted
fine particle pH. This thesis looks to understand the possible causes for this discrepancy. The
abundances of nonvolatile cations (NVCs) observed in particulate matter (PM) lead to the
investigation of NVC complexation with formic acid to possibly provide additional insight on
formic acid partitioning. Bulk particle pH and particle liquid water content were estimated using
the ISORROPIA II thermodynamic model. Formic acid partitioning and pH results showed that
assuming PM1.0-2.5 was externally mixed from PM1.0 at JST improved the agreement between the
measured and predicted formic acid partitioning. This was only for PM1.0-2.5 because the
partitioning pH was closer to neutral. However, it could not resolve the disagreement with PM1.0,
suggesting that there may be different chemical processes and sources of formic acid that may be
contributing to the fine and coarse mode. Increasing particle water concentrations also affected
predicted partitioning of formic acid but were not sufficient to agree with observed partitioning.
Correlations also indicate that formic acid in the southeast may be associated with mineral dust
and biomass burning, suggesting a need to understand the source contributions of formic acid in
more detail.
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CHAPTER 1
INTRODUCTION

Aerosols are particles in a solid or liquid state that are suspended in the air. They have a
variety of sizes and have different chemical compositions. Ambient aerosols can have a variety
of sources, both primary (emitted directly) or secondary (formed in the atmosphere from emitted
gases). These sources can be anthropogenic (e.g., vehicular emissions, industry, agriculture) and
biogenic (e.g., vegetation, ocean wave breaking wind-blown dust) and are involved in different
physical and chemical processes that affect human health, climate, and ecosystems. Typically,
ambient aerosols are measured in bulk as PM2.5 and PM1.0, which are particles less than 2.5 µm
or 1.0 µm aerodynamic diameter, respectively. PM2.5 and PM1.0 are important because they have
long enough lifetimes in the atmosphere to undergo chemical transformations that can effect
visibility, cloud processing, and health. These lifetimes can be in the order of days to weeks,
during this time aerosols undergo additional processes to form secondary products and travel
long distances (>1000 km) from their sources. Particles larger than 2.5 µm are seldom studied
because they tend to have larger settling velocities that shorten their atmospheric residence times.
1.1 Motivation for studying inorganic aerosols
Atmospheric aerosols are complex mixtures composed of water, organics, inorganics (i.e.,
sulfate, nitrate, ammonium), elemental carbon, metals, and mineral dust. A large part of PM2.5
(dry) mass (25-50%) is inorganic with ammonium, sulfate, nitrate, chloride, and sodium ions
most commonly observed [Heintzenberg (1989)]; these species can have a significant impact on
our ability to achieve PM2.5 mass regulations to protect human health (e.g., EPA National
Ambient Air Quality Standards, https://www.epa.gov/criteria-air-pollutants). Inorganic species
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also significantly influence fine particle (PM1.0) pH, which in turn, influences particle mass and
composition by affecting the partitioning of semi-volatile organic and inorganics species
between gas and particle phases [Guo et al. (2016)]. For example, gases such as NH3 can
partition into the particle phase, and since NH3 emissions are connected to world food
production, they are expected to increase as the world population grows [National Academies of
Sciences et al. (2016)] thereby impacting PM2.5 ammonium concentrations. In contrast, sulfate
and nitrate concentrations are expected to decrease due to regulations on SO2 and NOx emissions
[Stocker et al. (2013)]. These changes will likely have effects on particle pH, aerosol
composition, and aqueous phase chemistry, with implications for health due to PM exposure
[Pope III et al. (2004)], nutrient mobilization [Meskhidze et al. (2003)], and cloud formation
[Gordon et al. (2017)].
1.2 Formic Acid Sources and Chemistry
This thesis focuses on studying particle phase formic acid (formate) because it is the
simplest carboxylic acid and it is ubiquitous, in the troposphere. However, its sources and sinks
are not well understood [Alwe et al. (2019)].Overall, total formic acid (gas + particle)
concentrations are underestimated in models such as GEOS-Chem, suggesting that there is a
large source of formic acid that is likely unaccounted. This is thought to be most likely
secondary formation from oxidation of VOCs from biogenic sources, such as isoprene and
terpenoids [Millet et al. (2015), Mungall et al. (2018), Veres et al. (2011), Xu et al. (2019)].
Other known sources include direct emissions from vehicle exhaust, biomass burning, biofuel
burning, soil, and terrestrial vegetation [Paulot et al. (2011), Chaliyakunnel et al. (2016), Goode
et al. (2000), Sanhueza et al. (1991)]. Formation of formic acid is also connected to
anthropogenic precursors such as ethene, propane, and acetylene [Paulot et al. (2011)].
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Typically, 98% of the total formic acid is measured in the gas phase [Millet et al. (2015)].
Similarly, studies in the southeast have shown formic acid is mainly in the gas versus fine
particle phase [Nah et al. (2018), Liu et al. (2012)].
A major source of particle phase formic acid is from aqueous phase reaction of glyoxal with
hydroxl radicals. The alkoxy radical produced from the reaction can decompose to yield formic
acid [Lim et al. (2010)]. Additional studies have reported on formic acid in the particle phase
[Sorooshian et al. (2007), Yu (2000), Liu et al. (2012), Nah et al. (2018)]. Due to its relatively
low concentrations and widespread nature, the behavior of formic acid in the particle phase is not
well understood. Some studies even attribute particle phase formic acid to positive artifacts from
sampling processes [Yatavelli et al. (2014), Sorooshian et al. (2007), Williams et al. (2010)].
Equilibrium partitioning coefficients, a ratio of the particle phase to the total formic acid can help
explain and interpret the behavior of formic acid in the particle phase. Partitioning is influenced
by particle liquid water content, temperature, acid dissociation constants, pH, and activity
coefficients. Formic acid has both a large Henry’s law solubility constant (9540 mole L-1 atm-1 at
23.4oC) and large vapor pressure—4.6 kPa at 20oC. At constant temperature, a particle with high
liquid water (>100 µg/m3) content, such as a cloud or fog droplet, is likely to have formic acid in
the particle due to Henry’s law, the pH will be close to neutral, and the activity coefficient (𝛾𝛾)
near 1 due to being in an extremely dilute state. When clouds or fogs are present and formic acid
is mainly in the liquid drops, in these cases, formic acid can influence the acidity of clouds and
fogs and affect acid wet deposition [Khare et al. (1999)]. Conversely, for particle conditions with
relatively small liquid water content, as seen in PM2.5, the lower pH, high activity coefficients
(non-ideal solutions) would drive the formic acid to the gas phase. Nah et al. (2018) also showed
that measured formic acid partitioning did not agree with predicted partitioning at low pH, that
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is, the thermodynamic predictions were underestimating partitioning. Nah reported that the
disagreement could not be explained by positive artifacts from carbon denuder not being 100%
efficient at removing gases that are collected in the particle phase, incorrect Henrys law
constants, or the presence of formic acid dimers in the aqueous phase that could have caused
higher-than-predicted particle phase formic acid concentrations. The discrepancy between
measured and predicted formic acid partitioning is a major topic of discussion in this thesis. A
proposed hypothesis to explain this disagreement is the complexation of non-volatile cations
(NVCs) with formate. Another reason for this disagreement may be due to the particles being
externally mixed, rather than internally mixed, this will also be investigated.
1.3 Aerosol pH in the southeast
Particle pH is an important parameter because it can affect the physical and chemical
properties of an aerosol. For instance, this can influence the rate of SO2 oxidation and HNO3 gas
partitioning and particle volatility [Keene et al. (1998)]. Moreover, acidic particles (low pH) can
lead to acid-catalyzed reactions that produce aqueous phase secondary organic aerosol (aqSOA),
such as epoxide ring opening reactions [McNeill (2015)]. Also, organic acids can be oxidized by
OH, NO3, and O3 through multiple pH dependent reaction pathways [Pye et al. (2019)]. Previous
studies have shown that pH can also be size dependent, that is, aerodynamic particle diameters
greater than 2.0 µm have a pH close to neutral, while submicron sizes less than 1.0 µm have
pH’s around 1 to 2 [Keene et al. (2004), Fang et al. (2017)]. Fine and coarse mode aerosol pH in
general is difficult to measure quantitatively with traditional methods (eg. pH probe) because
they have such small liquid volumes and sizes. Despite these limitations, thermodynamic
equilibrium models have been used to estimate bulk aerosol pH. This study estimates aerosol pH
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and aerosol liquid water content (LWC) using ISORROPIA II a thermodynamic model for
inorganic aerosol systems.
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CHAPTER 2
METHODS

2.1 Introduction
There are three locations where formate was measured, and they will be discussed in the
following sections. The first location was in Yorkville, GA in 2016 and the second location was
at Jefferson Street in Atlanta, GA in 2017, and the third location was at Georgia Tech in summer
2019. Yorkville and Atlanta are approximately 55 km apart and have different environmental
factors. Yorkville is in a rural area while Atlanta is one of the largest metropolitan centers in the
southeast US. The difference in anthropogenic and biogenic sources and spatial variability make
data from these two areas unique. The data are used for further investigation of formic acid
partitioning in the fine mode associated with varying sources and aerosol acidity.
2.2 Measurements at Jefferson Street
Daily ambient filter measurements were collected in 2017 at the Southeastern Research and
Characterization (SEARCH) site in Atlanta, GA, which was located on Jefferson Street (JST)
(33.777501oN, 84.416667oW ), southwest of the Georgia Tech campus. Details of the site and
methods can be found in Gao, et al. (2020). Particle sizes with aerodynamic diameters less than
2.5 µm (PM2.5) were collected on Pallflex©TissuquartzTM filters using a high-volume sampler at
a flow rate of approximately 1.13 m3/min. Filter samples were stored in a freezer until extraction
and analysis. Cations and anions (ie. Ca2+, Mg2+, K+, SO42-, NO3-, Cl-, and CHOO-) were
quantified by first extraction of circular filter punches sonicated in DI water for 30 min. Then
filter extracts were analyzed isocratically using two Metrohm 761 Compact ICs, two separate
columns, Metrosep C 4-150/4.0 and Metrosep A Supp 5-150/4.0 were used to measure cations
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and anions, respectively. Total metal (all ion forms ie. Mg, Al, K, Ca, Cr, Mn, Fe, Cu, and Zn)
concentrations were measured using inductively coupled plasma mass spectrometry (ICP-MS).
Brown carbon was measured using a 1-m path length Liquid Waveguide Capillary Cell (LWCC2100, World Precision Instrument, Sarasota, FL) with an internal volume of 250 µL. Dual
deuterium and tungsten halogen light source (DT-Mini-2, Ocean Optics, Dunedin, FL) and
absorption spectrometer (USB4000 spectrometer, Ocean Optics, Dunedin, FL) were coupled to
the LWCC via fiber optic cables (QP400-2-SR, Ocean Optics, Dunedin, FL). Filter
measurements have low time resolution because the concentrations are averaged over 24 hours.
However, an entire year of filter measurements does provide seasonal variability of important
ambient species.
2.3 Measurements in Yorkville, GA
Ambient measurements were made in another SEARCH site located in Yorkville, GA
(33.928528oN, 85.045483oW ), a rural site located 55 km northwest of Atlanta. Continuous
ground-based measurements were conducted during the late summer and early fall season from
August to October 2016. More detailed descriptions of the site are provided by Hansen et al.
(2003). Gas phase measurements of ammonia, sulfur dioxide, nitric acid, and carboxylic acids,
formic, oxalic, and acetic acid were made with a custom-built chemical ionization mass
spectrometer (CIMS) using a hexafluoride (SF6-) ion source and a quadrupole mass spectrometer
[Nah et al. (2018)]. Aerosol chemical composition was observed using two online particle into
liquid sampler systems coupled to ion chromatographs (PILS-IC) sampling at 16.7 LPM. A URG
PM1.0 cyclone was used to collect particles with aerodynamic diameters less than 1.0 µm. Acidic
and basic gases were removed via 2 URG glass annular denuders located upstream of the PILSIC sampling line, one coated with sodium carbonate and the other with phosphorus acid. The
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quantified water-soluble inorganics and organic acids were: SO42-, NO3-, C2O42-, CHOO-,
CH3COO-, Cl-, Na+, Ca2+, Mg2+, and K+. More detailed instrumentation and measurement
techniques are elaborated in Nah et al. (2018).
2.4 MOUDI sampling at Georgia Tech
Size segregated particle filter samples were collected on the roof of the Georgia Tech
Environmental Science and Technology building in Atlanta (33.779125oN, 84.395797oW). The
roof is located approximately 30 to 40 m above ground level and about 800 m from the nearest
traffic heavy interstate highway (I-75/I-85). A Micro-Orifice Uniform Deposit Impactor
(MOUDI, MSP Corp., Shoreview, MN) with 11 stages was deployed from mid-May through
early August of 2019. The MOUDI typically sampled during a one- week period at an average
flowrate of 27.5 LPM at ambient temperature and relative humidity. Bulk (single filter) PM2.5
samplers were deployed concurrently for mass closure comparison with MOUDI measurements.
Ambient particles were all collected on 47 mm Teflon© filters (ZefluorTM 2.0 µm PTFE pore
membrane filter) with the exception of a 37 mm bottom stage filter (ZefluorTM 2.0 µm PTFE
pore membrane filter). The nominal cut-point of the particles collected with 50% collection
efficiency were 18.0, 10.0, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, and 0.056 µm [Marple et al.
(1991)]. At the end of collection periods the filter samples were placed in individual Petri dishes
and stored in a freezer at -17oC until filter extraction and analysis. Filters were usually analyzed
within three days and extracted using 15 mL of 18 Mohm deionized water in pre-baked glass
vials and sonicated for 30 min. The extracts were placed in polyvials with filter caps and loaded
into an autosampler system (Dionex AS40). The sample volumes were separated into two halves
and analyzed for cations and anions. The same Metrohm IC system detailed in section 2.2 was
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used to measure particle formate, oxalate, ammonium, sulfate, calcium, potassium, sodium, and
magnesium.
2.5 Particle pH Calculations
Bulk particle pH was determined using a thermodynamic equilibrium model ISORROPIA II
[Fountoukis and Nenes (2007)]. ISORROPIA II takes inputs of multiple inorganic chemical
species and calculates their equilibrium concentrations. The model was run in both reverse and
forward mode to estimate the pH and LWC of the bulk aerosol. In reverse mode the inputs are
temperature, relative humidity, and aerosol phase concentrations of NH4+ , SO42- , Na+, Mg2+,
Ca2+, K+, Cl-, NO3- . In forward mode, the inputs include total (gas + particle) inorganic
concentrations. ISORROPIA II assumes that all species input are internally mixed in the ambient
aerosol and calculates the inorganic gas and particle phase concentrations of the input inorganic
species from with phase partitioning can be determined. It also predicts the particle inorganic
LWC and proton concentration, from which the bulk pH is determined. The model’s strength is
in the treatment of crustal species such as K+, Ca2+, Mg2+, and Na+, but one of the limitations is
that it does not consider the participation of organics. However, the contribution of organics to
pH are negligible in this study region [Guo et al. (2015)]. The bulk particle pH was calculated by
+
𝑝𝑝𝑝𝑝 = − log10 𝛾𝛾𝐻𝐻+ 𝐻𝐻𝑎𝑎𝑎𝑎
≅ − log10

+
1000𝛾𝛾𝐻𝐻+ 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
,
𝑊𝑊𝑖𝑖

(1)

where 𝛾𝛾𝐻𝐻+ is the activity coefficient for hydronium ions (assumed equal to 1), H+aq is the proton

concentration [mol/L] in particle liquid water, Hair+ is the proton concentration in µg per cubic
meter of air, 1000 is the density term for water [kg/m3 ], Wi is the bulk liquid water content

associated with inorganic species in µg/m3 of air. Hair+ and Wi are outputs from ISORROPIA II
and so the bulk pH can be calculated using equation (1).
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Forward mode was run for both bulk particle pH estimations in PM2.5 and PM1.0 at JST and
Yorkville, respectively. At JST, the inputs of the mass concentrations of NH3 and HCl gas were
assumed to be the same as that in Fang et al. (2017).
Size resolved pH was also obtained from MOUDI stages which were also run in forward
mode. However, ISOROPPIA II inputs must include gas phase NH3, HCl, and HNO3 and during
the MOUDI sampling period, size resolved particle phase NO3- and Cl- were not measured and
gas phase data such as NH3, HCl, and HNO3 were unavailable. So particle NO3- and Cl- and gas
phase NH3 ,HNO3, and HCl were based on estimations from the same sampling location, but
different observation periods (spring 2016 versus summer 2019) [Fang et al. (2017)], it was
assumed that NO3-, Cl-, HNO3, NH3 and HCl mass concentrations did not change significantly in
between those years. Gas phase HNO3 was also obtained from ambient measurements from a
FIGAERO-HR-ToF-CIMS sampling at JST during August 2017, so the partitioning of formic
acid with respect to pH at JST is focused only on the month of August. The average mass
concentrations for gas phase HNO3, NH3, and HCl used in size resolved pH calculations were
0.674, 0.70, and 2.2 µg/m3, respectively. ISORROPIA II was run in forward mode with total gas
and particle phase concentrations for cut-off sizes less than 1.8 µm. For cut-off sizes greater than
1.8 µm the gas phase concentrations were assumed to be zero while running in forward mode,
this was due to kinetic limitations that can inhibit coarse mode particles from reaching
equilibrium with gases. It has also been shown that assuming coarse mode particles in
equilibrium with the gas phase will lead to a large positive bias between predicted particle phase
NO3- and NH4+ [Fang et al. (2017)]. Predicting coarse mode pH that is not in thermodynamic
equilibrium with a thermodynamic model will introduce a large source of uncertainty. In a
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previous study Fang et al. (2017) showed that with this uncertainty the coarse mode pH would
range from approximately 4 to 7, but likely remain in the neutral region.
2.6 Formic Acid Partitioning Calculations
The relationship between gas and particle phase concentrations of a chemical species are
studied by looking at partitioning ratios, which is the concentration of a chemical in the particle
phase over its total concentration (gas + particle). Analytical solutions to calculate the
partitioning of organic acids, such as acetic acid and formic acid partitioning, have been done by
Nah et al. (2018), based on Henry’s law. This thesis adds to this by also considering formic acid
partitioning via complexation with NVCs (nonvolatile cations, such as Ca2+, Mg2+, K+, and Na+),
which is not considered in the thermodynamic model. The analytical solution for formic acid
partitioning that includes complexation was derived from Henry’s law (equation 2) and
equilibrium reactions (equation 3-7), where Equation (3) expresses the dissociation of formic
acid in an aqueous solution, including activity coefficients, and Equations 4 – 7 are the new
equilibrium reactions added that include complexation of dissociated formic acid with NVCs:
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =
𝐾𝐾𝑎𝑎 =

𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 [𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻]
,
𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝛾𝛾𝐻𝐻 + [𝐻𝐻 + ]𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 [𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ]
,
𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝐾𝐾𝐶𝐶𝐶𝐶−𝐹𝐹𝐹𝐹 =
𝐾𝐾𝑀𝑀𝑀𝑀−𝐹𝐹𝐹𝐹

[𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂+ ]
,
[𝐶𝐶𝑎𝑎2+ ][𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ]

[𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂+ ]
=
,
[𝑀𝑀𝑀𝑀2+ ][𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ]

𝐾𝐾𝐾𝐾−𝐹𝐹𝐹𝐹 =

[𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾]
,
[𝐾𝐾 + ][𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ]
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(2)
(3)
(4)
(5)
(6)

𝐾𝐾𝑁𝑁𝑁𝑁−𝐹𝐹𝐹𝐹 =

[𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁]
,
[𝑁𝑁𝑎𝑎+ ][𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ]

(7)

The stability constants for the calcium formate (KCa-FA), magnesium formate (KMg-FA), potassium
formate KK-FA, and sodium formate KNa-FA complex, is shown in Equations 4, 5, 6, and 7,
respectively. Equations 8 & 9 were derived from equations 2-7:
[𝑋𝑋]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 10−9 ∙ 𝑊𝑊 ∙ 𝐾𝐾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ∙ 𝐻𝐻 ∙ 𝑅𝑅 ∙ 𝑇𝑇

𝛾𝛾𝐻𝐻 + ∙ 𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ∙ [𝐻𝐻 + ]
∙�
+ 1 + 𝐾𝐾𝐾𝐾−𝐹𝐹𝐹𝐹 ∙ [𝐾𝐾 + ] + 𝐾𝐾𝐶𝐶𝐶𝐶−𝐹𝐹𝐹𝐹 ∙ [𝐶𝐶𝑎𝑎2+ ]
𝐾𝐾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ∙ 𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

(8)

+ 𝐾𝐾𝑀𝑀𝑀𝑀−𝐹𝐹𝐹𝐹 ∙ [𝑀𝑀𝑔𝑔2+ ] + 𝐾𝐾𝑁𝑁𝑁𝑁−𝐹𝐹𝐹𝐹 ∙ [𝑁𝑁𝑎𝑎 + ]� ,

�𝑋𝑋𝑔𝑔𝑔𝑔𝑔𝑔 � = 𝛾𝛾𝐻𝐻 + ∙ 𝛾𝛾𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂− ∙ [𝐻𝐻 + ] ,
𝜀𝜀(𝑋𝑋) =

[𝑋𝑋]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
.
[𝑋𝑋]𝑔𝑔𝑔𝑔𝑔𝑔 + [𝑋𝑋]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(9)
(10)

Where Equation 8 is equal to the concentration of formic acid in the particle phase. W is the
average liquid water content estimated to be 1.6 µg/m3, KHCOOH is the formic acid dissociation
constant (1.78*10-4 M), H = 9540 M/atm is the Henry’s law coefficient for formic acid, the gas
constant R = 8.21*10−5 m3*atm*mol-1K-1. The activity coefficient of H+ (𝛾𝛾𝐻𝐻 + ) was equal to 1,

the activity coefficient of formate ( 𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂− ) and formic acid gas (𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ) was equal to 0.07 and

0.334, respectively. These activity coefficients are from Nah et al. (2018). Stability constants for
formic acid and NVCs with KK-FA = 0.45, KCa-FA = 100.27, KMg-FA = 100.34, and KNa-FA = 0.31
were obtained from literature (Bunting and Thong (1970), Hiller (1966)). Equation 9 give the gas
phase concentration of formic acid. Equations (8 & 9) can be substituted into equation (10) the
general partitioning equation where [X]gas denotes the concentration of species x in the gas phase
and [X]aerosol, the concentration of species x in the particle phase.
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CHAPTER 3
RESULTS

Observations from Yorkville, GA and Atlanta, GA are highlighted in this section.
Equivalence concentrations of formate and acetate were compared to NVCs, the correlations and
slopes indicated that NVCs could complex with particle phase formic acid. The change in formic
acid partitioning pH due to NVC complexation with formate is studied using the S-curves from
the analytical solution. In addition, the discrepancies between formic acid predicted and observed
partitioning were further probed by looking at sensitivity to temperature, liquid water content,
and external mixing states.
3.1 Yorkville Correlations and Nonvolatile Cation Complexation
Formic acid in the particle phase has weak diurnal trends in Yorkville, while gas phase has
clear diurnal trends according to Nah et al. (2018). In the gas phase, formic acid concentrations
peak at around 18:00 EST and decrease and gradually increase around 7:00 EST. The gradual
increase in formic acid gas could be due to the photooxidation of volatile organic compounds
(VOCs) that might lead to the production of formic acid. Glyoxal oxidation in the aqueous phase
could also be a source of formic acid [Lim et al. (2010)].
The average conditions during the Yorkville study were as follows. Average temperature
was 24.0oC with minimum and maximum temperatures observed at 9.5oC and 32.6oC,
respectively. Relative humidity (RH) was the highest before sunrise, the average RH was 68.9%
while the minimum and maximum RH was 21.6% and 100%, respectively. Detailed
meteorological data is shown in [Nah et al. (2018)]. The average fine particle pH was calculated
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by Nah et al. at 2.52 (± 1.3) and is similar to pH reported in previous studies conducted in the
southeast [Guo et al. (2015)].
Table 1: Table of mean mass concentrations of relevant cations and anions measured in Atlanta,
GA and Yorkville, GA. Atlanta, GA has higher mean cation concentrations most likely due to
anthropogenic sources. Yorkville has higher anion concentrations of formate and acetate when
compared to Atlanta, GA.
Anions &
Cations
Ca2+
Mg2+
K+
Na+
CHOO− (Formate)
CH3COO− (Acetate)
C2O42- (Oxalate)

Jefferson Street 2017
(µg/m3)

Yorkville 2016
(µg/m3)

0.120 ±0.12
0.017 ±0.020
0.048 ±0.038
N/A
0.026 ±0.018
N/A
0.110 ±0.065

0.020 ±0.009
0.0020 ±0.001
0.035 ±0.011
0.021 ±0.005
0.050 ±0.023
0.064 ±0.022
0.058 ±0.037

Average ambient mass concentrations of NVCs, formate, and acetate are shown in Table 1. All
concentrations are low, in the 10s of ng/m3, or less. JST and Yorkville are side by side in Table 1
for comparison. It should be noted that JST mass concentrations are a different cut off size, that
is PM2.5 compared to Yorkville which is PM1.0. At Yorkville, good correlations (R) were
observed between formate and NVCs (RK+ = 0.59, RCa2+ = 0.46, and RMg2+ = 0.52), these results
are shown in Table (2). Sodium is left out of the correlation because few measurements were
above the instrument LOD for the sampling period. For this reason, an average Na+
concentration was estimated by using the relationship between Na+ and Cl-. One mole of sodium
was assumed to be equal to one mole of chloride, then the moles of sodium was corrected by
multiplying by a factor of 0.84, which was the average Na:Cl ratio from the limited
measurements.
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Table 2: Shown below are correlation coefficients [R] between different cations and anions from
filter samples (JST) and online sampling (YRK). Different seasons at JST are shown to highlight
the seasonal variability of particle phase formic acid.
Correlations
Ca2+ vs HCOO−
Mg2+ vs HCOO−
K+ vs HCOO−
Ca2+ vs K+
Ca2+ vs Mg2+
K+ vs Mg2+
BrC vs K+

JST 2017
Summer
0.53
0.35
0.30
0.25
0.53
0.25
0.57

JST 2017 YRK 2016
Winter
Summer
0.35
0.46
0.66
0.52
0.33
0.59
0.047
0.03
0.037
0.74
0.42
0.04
0.66
N/A

In table (2) reasonably good correlations between formate and NVCs suggest a need to
further investigate NVCs and their relationship with particle phase formic acid, including
complexation between NVCs and formate.

Figure 1: Yorkville, GA correlations between the sums of anions (formate and acetate) and cations
(potassium, magnesium, calcium, and sodium) measured. Concentrations are shown in
equivalence to compare positive and negative charges.
Figure (1) shows a scatter plot of the equivalence concentrations of formate plus acetate versus
sum of the NVCs. Nano-equivalence (nEq/m3) was obtained by converting the mass
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Figure (1) assesses whether there are enough cations to associate exclusively with formate and
acetate to produce various salts (e.g., such as calcium formate, potassium formate, sodium
formate, and magnesium formate). If the forms of these species was some combination of the
various salts involving just these species, one would expect a slope of 1. The nano equivalence
averages for NVCs, formate, and acetate are shown in table (3) for reference.

Table 3: Shown as average nano equivalence of cations and anions in both Yorkville and
Atlanta.
Average JST 2017 Average Yorkville 2016
Observed
Compounds
(nEq/m3)
(nEq/m3)
Ca2+
6.19 ±4.80
1.96 ±0.90
2+
Mg
1.38 ±1.06
0.33 ±0.21
+
K
1.24 ±0.78
0.89 ±0.29
Na+
N/A
0.47 ±0.37
Formate
0.57 ±0.40
1.16 ±0.52
Formate + Acetate
1.01 ±0.81
2.21 ±0.89
With a slope equal to 0.78 and R = 0.62, approximately half of the observations in figure (1)
show that there are more formate and acetate ions available for bonding than total NVCs
available, the cluster of data points above the 1:1 line and below show this separation. This
division may be indicative of different physical processes that could be dominating formic acid
partitioning, such as formate in high aerosol liquid water conditions or NVC complexation with
formate.
In cases where there was sufficient NVC to associate with all the organic acids (points on or
below the 1:1 line in figure (1)) the role of NVC complexation is investigated. Formic acid
partitioning was predicted using equations (8-10) assuming internal mixture of all species (all
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measured PM1.0 anions and cations) and those analytical solutions (traces) are shown in figure
(2).

Figure 2: Measured partitioning of formic acid in Yorkville, GA and sigmoidal curves for
formic acid complexation with K+, Ca2+, Mg2+, and Na+.

The pH was that determined by ISORROPIA assuming all inorganic species of PM1.0 are
internally mixed. This pH was used in the equations above to draw the traces in figure (2), and
used with the ambient measurements of gas and particle formate to plot formic acid partitioning
versus pH in figure (2). Initially, formic acid partitioning based on only Henry’s law without any
complexation was predicted and was consistent with predictions from Nah et al. (2018). For the
analytical solution considering NVC complexation with formate we used the average Wi = 1.6
µg/m3 determined by ISORROPIA II and the average ambient temperature = 23.4oC. As shown
in figure (2), it was found, similar to the findings of Nah et al. (2018), that there is still an
underestimation of partitioning at low pH. Wi was increased to 8.6 µg/m3, which is the upper
limit for the predicted range of Wi and this shifted the sigmoidal curve the most, around 1.5 pH
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units. However, this small shift in pH is not enough to resolve the disagreement between formic
acid partitioning observed and predicted.

Figure 3: Measured partitioning from Yorkville, GA, multicolored markers show pH dependence
on relative humidity. Analytical s-curves show formic acid complexation with K+, Mg2+, Ca2+, and
Na+ at T = 23.4oC and Wi = 1.6 µg/m3.

A sensitivity test was done by varying the average concentrations of NVCs to investigate
formic acid partitioning behavior due to complexation with NVCs. The sigmoidal curves in
figure (3) show that NVC concentrations can only produce some agreement with the measured
partitioning of formic acid when the average concentrations of NVCs in the fine mode is over
five order of magnitude greater than the ambient averages. Based on this, NVC complexation
with formate is not a viable explanation for the observed particle formate at Yorkville assuming
internal mixing.
3.2 JST Correlations and Nonvolatile Cation Complexation
An entire year of 24- hour filter measurements at JST in 2017 made it possible to investigate
seasonal trends and behavior of formic acid. Seasonal trends for potassium, calcium, and formate
18

can be seen in figure (4), with higher concentrations in the winter months and on average lowest
mass concentrations in the summer.

Figure 4: Time series of Jefferson Street PM2.5 mass concentrations during 2017 are shown for
potassium, calcium, and formate.

To test the hypothesis that winter and summer seasons were associated with statistically
significant different mean mass concentrations of formate, calcium, and potassium, an
independent samples t-test was performed. Based on the t-test, tcalc was equal to 3.57, 4.75, and
7.93 for calcium, potassium, and formate, respectively and all were greater than tcritical = 1.98 for
95% confidence with 120 degrees of freedom. Therefore, the null hypothesis could be rejected
and it was concluded that there is a statistically significant difference between the mean mass
concentrations of calcium, potassium, and formate in the winter and summer. Formic acid was
expected to be higher in the summer, rather than the winter because a large source of formic acid
is from photo chemical pathways [Veres et al. (2011)]. Even though formic acid production rates
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might be higher in the summer than winter, its tendency to reside in the particle phase after it is
formed is mainly controlled by the amount of liquid water in the particle. This is consistent with
Wi obtained from ISOROPPIA II, which was higher in the winter (Wi = 2.96 ±3.01 µg/m3 ) than
the summer (Wi = 2.22 ±1.44 µg/m3 ) .
The average mass concentration of Ca2+ measured in PM2.5 at JST is approximately a factor
of 6 higher than Ca2+ in PM1.0 measured in Yorkville (Table (1)). In addition, the average mass
concentration of Mg2+ in PM2.5 at JST is a factor of 9 higher than the mass concentration of Mg2+
in PM1.0 at Yorkville. The large differences in Mg2+ and Ca2+ between JST and Yorkville is
likely due to the mineral dust associated with PM2.5 at JST. The mass concentrations of
potassium were not significantly different between PM2.5 and PM1.0 at JST and Yorkville,
respectively, suggesting that a large fraction of K+ resides in PM1.0 at JST. Average PM2.5 mass
concentration at JST for formate was about a factor of 2 lower than the average PM1.0 mass
concentration of formate at Yorkville. Oxalate was the opposite, with JST PM2.5 mass
concentration about a factor of 2 larger than the Yorkville PM1.0 mass concentration.
Good correlations can be observed in PM2.5 filter samples from JST during 2017, as shown
in Table (2). In the summer Ca2+ and HCOO- had an R = 0.53 and in the winter Mg2+ and
HCOO- had an R = 0.66. Although the time resolution of the measurements is not as high as in
Yorkville, the continuous year long filter data and the summer 2019 MOUDI measurements can
help elucidate the mixing state and partitioning behavior of formic acid. In this section the NVCs
are referring to Ca2+, Mg2+, and K+, only. Na+ was excluded because it was not measured. Also at
JST, there was no acetate data available from the filters so acetate concentrations were assumed
to be equal to the formate molar concentrations; previous studies around the Eastern United
States have shown acetate and formate mass concentrations in the aerosol phase to be similar. In
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Yorkville, GA Nah et al. (2018) reported PM1.0 mass concentrations of formate equal to 0.05 ±
0.03 µg/m3 and acetate equal to 0.06 ± 0.03 µg/m3. Talbot et al. (1988) made measurements in
eastern Virginia and reported PM1.0 concentrations of formate and acetate as mixing ratios, mass
concentrations were calculated and formate was equivalent to 0.028 ± 0.028 µg/m3 and acetate
was equivalent to 0.022 ± 0.020 µg/m3.

Figure 5: Jefferson Street formate and acetate correlated to NVCs (potassium, magnesium, and
calcium). Sodium was not quantified, so it is not a part of the total NVC equivalence
concentration.
Similar to the Yorkville analysis, the combined molar equivalence of formate and acetate
were compared to the molar equivalence of NVCs in figure (5), which shows a good correlation
(R = 0.60). The scatter plot shows an abundance of NVCs relative to formate and acetate, as
indicated by the small slope of 0.07 ± 0.01. Therefore, it is possible that formate and acetate
may, at all times, be in exclusively associated with just NVCs, such as through forming
complexes. Oxalate may also be associated with some NVCs, but even with considering it, there
are still excess NVC, as shown in figure (6). When including oxalate, the correlation drops (R =
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0.33), suggesting that the association of formate and acetate with NVCs may be similar, but
oxalate has less association.

Figure 6: Jefferson Street acetate, formate, and oxalate correlated to NVCs (potassium,
magnesium, and calcium).
PM2.5 particle pH over the entire year was on average estimated to be 2.52 ± 1.3 pH units at
JST. Average PM2.5 bulk pH in the summer was the smallest at 1.89 ±0.42, while the winter
season observed the largest average pH at 3.16 ±1.09. Also note that seasonal and annual bulk
pH was determined in ISOROPPIA II running in reverse mode because inorganic gas phase data
(ie. NH3, HCl, HNO3) was unavailable during most of the sampling period, with the exception of
gas phase measurements in August 2017. Using the equations from section 2.6, the formic acid
partitioning was predicted and shown as S-curves in figure (7) and compared to ambient data,
where again the pH was determined by ISORROPIA assuming all species in PM2.5 were
internally mixed.
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Figure 7: JST PM2.5 bulk particle pH was calculated for August 2017. Red trace shows
sigmoidal curve of partitioning when considering complexation with NVCs and black trace
shows partitioning without the consideration of NVC complexation. Grey traces are S curves
calculated using 1 standard deviation from average Wi and ambient temperature.
These results are only for the month of August 2017 because that was the only time gas phase
formic acid measurements were available allowing the determination of measured formic acid
partitioning. The results are similar to what was found in Yorkville. The observed partitioning of
formic acid was small, the average value of 𝜀𝜀(𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂− ) was 0.014 and in many cases close to

0.001, but the predicted partitioning was always very low at pH < 5. In figure (7), the black trace
is the analytical solution for formic acid partitioning without the consideration of NVC
complexation. The red trace shows partitioning of formic acid with complexation effects using
average Wi = 1.25 µg/m3 and average ambient temperature = 26.13oC . The grey traces are S
curves calculated using 1 standard deviation from the average Wi and ambient temperature. At
pH ranges from 0 to 5.5, there is essentially no partitioning to condensed phase predicted,
however; formic acid partitioning is observed in small amounts around a pH of 2.

23

3.3 Georgia Tech MOUDI Size Distributions
While the previous analysis was based on bulk measurements of aerosol composition (e.g.
PM1.0 or PM2.5), measurements of aerosol size resolved composition can provide more insights
on the partitioning of formic acid, such as possible mixing states of NVCs and organic acids.
Figure 8a shows chemically resolved size distributions. Formate was observed to have 2 modes
in the size distribution, one mode is less than 1.0 µm and the second mode is greater than 1.0 µm
and continues on into the coarse mode. This is also shown in figure 8b as well. Figure 8c and 8d
show the tail of formate distribution in the coarse mode ( >2.5 µm). Oxalate also has two peaks
in its distributions, based on four measurement periods the smaller peak is always collocated
with the formate peak in the same size range (0.18 – 0.32 µm). This may suggest that formate
and oxalate have similar sources. Ammonium and sulfate are largely secondary species and are
found mainly in the fine mode; here they have distributions observed with single modes with
average peak diameters of 0.30 and 0.32 µm, respectively. As seen in all four MOUDI
measurements, mineral dust species, such as magnesium and calcium each have single modes
that generally peak in the coarse mode, but with a tail down to 1 µm. Like mineral dust, sodium
typically showed single mode distributions that peaked in the coarse mode range with a tail into
the fine mode, with the exception of figure 8a where sodium has a bimodal distribution,
suggesting different sources of sodium other than mineral dust and sea salt. (Note that there is
some uncertainty in Na+ data since contamination may have been an issue). As shown in figure
8a, 8b, and 8d, potassium has a bimodal distribution, one mode is in the fine mode while the
second mode is usually in the coarse mode, this is consistent with two possible sources for K+ ,
biomass burning which is known to produce fine mode K+ [Metzger et al. (2006), Li et al.
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(2003), Andreae et al. (1983) ] and mineral dust and sea salt mainly found in the coarse mode
contains K+[Metzger et al. (2006), Li et al. (2003), Zhang et al. (2010), Cruz et al. (2019)].
The bimodal size distributions of formate (and oxalate) suggest it may be associated with
different aerosol components, depending on particle size. In the coarse mode, based on the size
distributions, formate and oxalate could have associations with coarse mode aerosol species such
as sodium, potassium, magnesium, and calcium, which could be from mineral dust and sea salt.
In addition, formate and oxalate could have associations with fine mode aerosol species such as
ammonium and sulfate and/or potassium. Studies with Reid et al. (1998) showed that ammonium
is strongly correlated to oxalate and other organic species in regions dominated by biomass
burning. We will assume that the ambient size distributions obtained at Georgia Tech are
representative of the air masses sampled in Yorkville and JST.
In Yorkville and JST, the assumption was made that the observed aerosols were internally
mixed in a bulk mixture and so bulk pH was determined from ISORROPIA II based on all PM1.0
or PM2.5 components all mixed together. A limitation of this bulk pH assumption is that it
ignores the influence of particle size on aerosol pH. Using the Atlanta MOUDI measurements to
calculate the particle pH assuming internal mixing at each impactor stage could show the pH
dependence on particle size. Size resolved particle pH was calculated from the four MOUDI
measurements described in figure (8) and averaged, as shown in figure (9).
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Figure 8a: MOUDI measurements from Atlanta during May 14 – 21, 2019 with size
distributions of formate, oxalate, ammonium, sulfate, calcium, sodium, magnesium, and
potassium. The black line and red line is used to identify the cutoff for PM2.5 and PM1.0,
respectively.
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Figure 8b: Sampling period, June 10 –17, 2019.
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Figure 8c: Sampling period, July 17 – 24, 2019.
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Figure 8d: Sampling period, July 30 – Aug 06, 2019.
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Figure 9: Average pH for each MOUDI stage was calculated using ISORROPIA II and plotted
as a function of MOUDI stage cutpoint diameter.

Figure (9) can be divided into three regimes based on pH: (1) diameters greater than 2.5 µm
(PM2.5-10), (2) diameters between 1.0 and 2.5 µm (PM1-2.5) and (3) diameters less than 1.0 µm
(PM1). The average pH of regime 1 is 6.9, the higher pH is due to the dominance of NVCs and
little sulfate. Regime 2 is a transition region between the other two size regimes, it shows the
most range in pH because sulfate contributes to the lowering of bulk particle pH, the tail of
sulfate distributions entering regime 2 and the NVC in this regime raise pH, as can be seen in
figures (8a-8d). In regime 3 the average pH was 1.2 which was being driven by high
concentrations of sulfate.
3.4 Yorkville PM1.0 Discussion
In section 3.1 it was shown that at Yorkville, PM1.0 formic acid complexation with NVCs
could not explain the discrepancy between the observed and predicted partitioning of formic
acid. Furthermore, the size distributions suggest that there is little Ca2+, Mg2+, and Na+ in this
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PM1.0 size range, leaving K+ as likely the main NVC that could affect PM1.0 formate. For PM1.0,
the bulk particle pH remains too low with the assumption of an internal mixing state because of
the strong influence of sulfate and its hydroscopicity. Since the average bulk pH of aerosols in
Yorkville and JST are similar, 1.88 ± 0.76 and 2.52 ± 1.3, respectively, we will use Georgia Tech
MOUDI results to speculate on what may drive partitioning behavior in both Yorkville and JST.
Based on MOUDI measurements, the pH dependence on particle size for PM1.0 is not significant.
Figure 12 highlights this in region 3, the pH is low and does not fluctuate significantly. In
addition, the filter stages below 1.0 µm are dominated by sulfate and lack a large amount of
cations necessary to raise the bulk pH. Interestingly, the formate peak in the fine mode coincides
with K+ in the fine mode and equivalent concentration comparisons indicate that formate ions
can be balanced by the potassium ions. In Yorkville, the good correlation between the K+ and
HCOO- (R = 0.59) suggests that they may be associated. Also the nanoequivalence comparison
in table (3) between K+ and CHOO- show that within the standard deviations the potassium and
formate charges could balance each other. One way that formate could be observed in the fine
mode is if it was associated with K+ and these species were externally mixed with most of the
other aerosol in that size range, that is ammonium sulfate (and likely organic species, which were
not measured). This would only be likely if they were measured nearby its source. However, in
this study it was not possible to identify the source of formic acid and potassium.
Previous source apportionment studies using Positive Matrix Factorization (PMF) have
reported on water-soluble K+ in PM2.5 in the southeast. The PM2.5 mass source contributions
attributed 43%, 18%, 16%, and 22% of K+ to refractory material, residual, biomass burning, and
secondary aerosols, respectively (Zhang et al., 2010). If we were to assume some external
mixting for K+ and CHOO-, then CHOO- would most likely be associated with the PMF factor
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for refractory material, such as mineral dust. Mineral dust is commonly connected to refractory
materials and the often large excess of NVCs in mineral dust size mode can provide neutral pH
conditions for formic acid partitioning. However, with PM1.0 in Yorkville there will probably be
a lack of NVCs to raise pH if mixed with sulfate, as would be expected for more aged aerosol
and based on the size distributions of NVCs and sulfate. Secondary aerosols would most likely
have low pH because they would have long enough lifetimes to become acidic and coagulate
with sulfate particles. An external mixture of K+ and CHOO- (with brown carbon (BrC) as a
tracer for biomass burning) would also be unlikely unless very close to the source. Lastly, there
is still about 18% of residual (unmeasured species) material associated with K+, which would
have contributions from elemental carbon and water-insoluble organic species (Zhang et al.,
2010). The residual material if freshly emitted could have a particle pH close to neutral, which
could meet the conditions for observed particle phase formic acid, but an exact explanation
requires further research. Also, Zhang et al. (2010) did source apportionment of PM2.5, so there
may be some differences with PM1.0 such as K+ associated with refractory material having a
smaller source contribution and biomass burning being relatively larger. Even though the good
correlations between CHOO- with K+ , Mg2+, and Ca2+ suggest mineral dust associations, there is
not enough evidence to show that an external mixture exists.
3.5 Jefferson Street PM2.5 Discussion
It was shown in section 3.2 that measured formic acid partitioning at times was greater than
zero and so did not agree with the predicted partitioning shown by the S curves and markers in
figure (7). Since both JST and MOUDI measurements were taken in Atlanta, here we assume
that PM2.5 measured at JST has a size distribution characterized by Georgia Tech MOUDI
measurements, despite different time periods. JST’s main difference from Yorkville was that it
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had an abundance of NVCs as shown in table (3), most likely due to nearby anthropogenic
sources, such as construction sites that raise dust (ie. larger Ca2+ and Mg2+ in JST, Table (3)). In
addition, JST samples measured PM2.5 and based on the MOUDI size distributions there is a
large contribution of NVCs in between 1.0 to 3.2 µm. Formate is also observed on filter stages
between 1.0 to 3.2 µm. Assuming internal mixing for each MOUDI stage, figure (9) indicates
that particle pH in between 1.0 to 3.2 µm has a large range (3 to 7). In region 2, pH dependence
on size is important because there is a small amount of sulfate relative to NVC concentrations.
As a result, pH between 1.0 to 2.5 µm can be neutral or acidic and formic acid partitioning at
JST may occur due to complexation with NVCs at the near neutral pH of the upper end of the
PM1-2.5 range. To understand the pH of particles between 1.0 to 3.2 µm the particle mass less
than 1.0 µm MOUDI stages was subtracted from particle mass less than 3.2 µm MOUDI stages
for sulfate, formate, sodium, ammonium, calcium, potassium, and magnesium and divided by the
total mass below 3.2 µm. 3.2 µm is used instead of 2.5 µm because the MOUDI impactor stage
was designed for 3.2 µm cutsize. On average, the mass concentration between 1.0 to 3.2 µm was
9.55% (SO42-), 17.49% (CHOO-), 61.26% (Na+), 3.09% (NH4+) , 85.81% (Ca2+) , 45.17% (K+),
78.23% (Mg2+), 54.84% (NO3-), and 21.43% (Cl-) of the total PM2.5 measured mass. NO3- and
Cl- fractions between 1.0 to 3.2 µm were obtained from results in Fang et al. (2017). By
assuming an internal mixture for cut sizes between 1.0 to 3.2 µm, the observed formate
partitioning could be explained by the neutral pH as seen in figure (10). At an average pH unit of
7.06, the observed formate had ε(CHOO− ) between 0.0040 and 0.037 showing better agreement
with the predicted s-curves which around pH 7 had a ε(CHOO− ) range from 0.0074 to 0.068.
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Figure 10: New bulk particle pH (green markers) with external mixing assumption for particles
1.0 to 2.5 µm.
Although formic acid partitioning could be explained by neutral pH between 1 to 2.5 µm, at
cut sizes less than 1.0 µm formic acid partitioning issues are the same as for the Yorkville PM1.0
case, it cannot be explained in the same way because the pH is too low and the particles likely
internally mixed since aged, and there is not enough NVCs. Approximately 82% of the formic
acid mass is still in the fine mode as estimated in size distributions, but it still remains unclear
how formic acid behaves in this region. The strongest correlation observed at JST in the summer
was between CHOO- and Ca2+ (R = 0.53) which suggests some association with mineral dust
possibly driven by the Ca2+ at the higher end of the PM2.5 range. In the winter season Mg2+ has
the highest correlation with CHOO- (R = 0.66) indicating different sources could contribute to
formic acid partitioning.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK

4.1 Summary
This thesis investigates the partitioning of formic acid between gas and particle phases
based on data from three measurement sites in the state of Georgia. Correlations between NVCs
and formic acid indicate different sources may contribute to formic acid partitioning in Yorkville
and Atlanta, GA. In Yorkville, formate was well correlated to K+, Mg2+, and Ca2+ which
suggested possible sources of formic acid associated with mineral dust and biomass burning. In
JST, the good formate correlations to Ca2+ and Mg2+ also suggested that formic acid could be
associated with mineral dust contributions to PM2.5 throughout the year. The results were also
used to investigate formic acid partitioning behavior and to possibly provide additional insight to
answer the question for why observed formic acid partitioning disagreed with predicted
partitioning behavior based on bulk analysis of fine PM. It was shown that assuming PM1.0-2.5
was externally mixed from PM1.0 at JST improved the agreement between the measured and
predicted formic acid partitioning because the partitioning pH was closer to neutral. Although
NVC complexation could explain observed formic acid partitioning in the 1.0 to 2.5 µm range,
as shown in JST, it could not resolve the disagreement with particles less than 1.0 µm. This
suggests that there may be different chemical processes and sources of formic acid that may be
contributing to the fine and coarse mode. Another possible reason is that formic acid is being
freshly emitted and therefore is not entirely in an internal mixture, the extent of the fine particle
mixing is unclear.
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4.2 Future Work
Even though ISORROPIA-II can predict bulk particle pH reasonably well, the bulk particle pH
assumption still cannot explain formic acid partitioning behavior in PM1.0. Since ISORROPIA II
neglects organic ions as inputs and because aqueous phase aerosols may be externally mixed to
some extent, there is a need to look into single particle measurements rather than bulk
measurements. Furthermore, it is necessary to investigate whether semi-volatile organics such as
formic and acetic acid agree with the assumption of gas-particle equilibrium. Two studies that
would help elucidate the partitioning of formic acid in the fine mode would be to investigate the
mixing state of PM and understand the source of formic acid sampled at measurement sites.
Source apportionment using PMF analysis for JST and Yorkville could help to determine what
kind of source factors are associated with formic acid and NVCs. Single particle analysis, for
example; using the particle analysis by laser spectrometry (PALMS) would be a valuable tool to
investigate particle mixing state. Methods for quantifying aerosol mixing from single particle
measurements are highlighted by Riemer and West (2013) and Bondy et al. (2018), using mixing
state indices for different particle classes.
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