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ABSTRACT

SPATIAL PATTERNS AND PARTICLE SIZE DISTRIBUTIONS OF ATMOSPHERIC AMINES IN

NORTHERN COLORADO

Emissions of reactive nitrogen along the Front Range in BortGolorado have
implications for sensitive and protected environments suckhase in Rocky Mountain
National Park (RMNP). Nitrogen-containing pollutants exedreety of adverse effects on the
environment, including visibility impairment and excessive ngromput to sensitive alpine
ecosystems. Northern Colorado has many urban, agriculturdlpdmnd naturbgas
production activities that emit various forms of reactivi’|@gen to the atmosphereModel
simulations and past measurements demonstrate that these emissiom capable of being
transported long distances in gaseous and particulate forRI€INP is particularly exposéaol
increased concentrations of reactive nitrogen pollutantsing periods of easterly, upslope
flow when emissions along the Front Range and sources from avikerf away (e.g. the
Western United States coast) are transporiatb the mountains. A detailed understanding of
the composition of transported reactive nitrogen pollutieneeded to predict environmental
impacts within RMNPWhile emissions of ammonia and nitrogen oxides have received
significant attention in previous studies, relatively &tts known about organic nitrogen
pollution, despite its ability to contribute to excessibBposition and to formation of particulate
matter (PM). Amines are organic analogs of ammonia, where one or nydreden atoms are

replaced by organic functional groups. The animal agriculhdestry is known to be a major



source of some amines, while the beer and wine industry, sbgat industy, leather
manufacturing and chemical manufacturing are also potentially important sourééany of
these industries are located along 63 E }[+ &E}vE Z VP U % E}A] JvP  P}} } %%
study amine atmospheric chemistrhile the chemical lifetime of many gas phase amines is
relatively short (hours), they are strong bases that can competh ammonia to form longer-
lived particles that are transported over substantial distanc€se work carried out in this
study focused on assessing a spatial gradient of particulateeanfietween RMNP, Fort Collins,
and Greeley. Greater concentrations of many amines were typichierved near source
emissions in Greeley and/or Fort Collins, but significanicentrations of amines such as
dimethylamine, were also observed in the more remote environment at RMNPbetter
understand amines, their chemistry and their contributiorPil, size distributions df6

different amines were analyzed from measurements with a Micro-@rifiniform Deposit
Impactor (MOUDI). Of 16 analyzed amines, nine were found above the ideténtits in
summertime Fort Collinsnal five during the winter. Several organic acids and inorgarict
anions particle size distributions were also assessed tierstand contributions from potential
anion species involved in salt formation with amine cationsa@imacid particle size
distributions, particularly oxalate, overlap with fine paktienode size distributions of both
ammonia and amine cations. The size distribution measurementsealsal important

reactions between gaseous nitric acid and coarse soil patiolgenerate coarse mode nitrate
particles. Continued measurements of amines and other spedesistributions and spatial

gradients at more locations would help improve understagddf aminePM chemistry. This



understanding would allow necessary changes to be made to bptteect the health of living

beings and the sensitive ecosystems like those found in Rdokiptain National Park.
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1. Introduction:

1.1 Background

Excess nitrogen deposition has been associated with adversesefteparticularly
sensitive ecosystems like those obserue@®ocky Mountain National Park (RMNP). Negative
environmental effects of excess nitrogen deposition include lakephication, increased
nitrate concentrations in lakes, soil acidification, decreasedilersity and changes to diatom
flora(Baron et al., 2000; Bobbink et al., 2010; Cisner@s.e2010).As places like RMNP are
treasured and heavily visited, seeing millions of visitmsually, there is a strong motivation
for the preservation of these areas. The geography of theregiemi-arid plains to the east
with large population centers residing at the base of the Rddkuntains from Fort Collins in
the north to Colorado Springs in the south, and the Rdt&yntains themselves across
western Colorado, makes the location of sources and wind pagtenportant for
understanding the impacts of atmospheric nitrogen emitted fraonoss the state and beyond.
Northeastern Colorado is dominated by agricultural and fegdiperations, as well as, many oil
and natural gas wells and housing developments. Back trajectoni@stire HYSPLIT model
have shown the potential for reactive nitrogen emissionsgach Colorado from locations that
originated as far out as the United States west coast. Previouds lvas shown that many
reactive nitrogen species are attributed to sources locatetside of Colorado with the
exception of ammonia being about 50% attributable to sourngSalorado (Gebhart et al.,

2011)



Emissions of nitrogen oxides are regulated by national, statd,regional policies (e.g.,
the Clean Air Act and associated State Implementation Plans (SIPs))ehogmissions of
organic nitrogen compounds and reduced nitrogen compounds &s ammonia are largely
unregulated. Stakeholder groups and government agencies (EPA, N XdDthe Colorado
Front Range have recognized the importance of reducing emissi@mmonia in agricultural
and industrial practices, especially on days when southeadterlyis predicted either from
mountain valley diurnal wind circulations or synoptic weatconditions.During these
southeasterly flow periods, studies have documented sharpeas®s in concentrations
gaseous ammonia and fine mode particulate matek in RMNP, suggesting that pollution
from the Front Range urban corridor and agricultural andwd natural gas development
activities in NE Coloradstransported into RMNP (Beem et al., 201Bjorganic particles (e.g.,
ammonium nitrate) and gas phase concentrations of ammonia and attrichave been linked
to these upslope flow events. However, organic nitrogen spdwws not been well
characterized in the gas or aerosol phase in this region daectumplex variety of organic
nitrogen compounds and sources making it difficult to eleserize them all with current
sampling methodsThis is an important gap in our understanding as wet dejoosof organic
nitrogen has been demonstrated to be an important sourceeaftive nitrogen inputs into
RMNP ecosystems (Beem et al., 2010; Benedict et al., 28@8|jtional nitrogen has been
shown to have an adverse effect on ecosystems in RMNP due to shaitbvock and low soill
buffering capacities (Baron et al., 2000). By closing thergapr understanding of organic
nitrogen, these negative effects inflicted on an ecosystem careltettregulated and

monitored.



1.2 Organic Nitrogen and Amines

Amines are organic analogs to ammonia, with one or more hydrogeas ammonia
molecule replaced by organic functional groups. Oxidation yctglof gaseous amines can
form species that are known to be carcinogenic (Pitts et 88}, such as nitrosamines.
Amines are known to be emitted strongly from the agriculturduistry and animal feeding
operations (Zhang et al., 2011) along with ammoranines known to be emitted in significant
concentrations in the gas phase include methylamine, dimethylejimethylamine, and
triethylamine (Ge et al., 2011; Hutchinson et al., 1982; Raledadl, 2003; Schade and Crutzen,
1995). Some studies have attempted to look at specific sourcegwathanimal feeding
operation to determine aspects of the operation that contribmest to emissions, finding that
waste treatment processes at cattle operations are one of the greatetributors to amine
emissions (Dod et al., 1984). In addition to emissiona®iphase amines, field campaigns
have shown that organic nitrogen can contribute sigariity to overall organic aerosol mass
(Mace et al., 2003; Makela et al., 2016; McGregor and Anastd¥i@; ¥Villiams et al., 2001).
Several studies have demonstrated an important role for aminesicteation of new particles
to total organic nitrogen mass in the aerosol phase as amireekraawn to have toxic
properties, impacting health.

Because gas-phase amines are strong bases and compete with ammonigho a hi
degree, acid-base chemistry is one of the major pathways forg@ftormation from primary
and secondary amines (Murphy et al., 200Rjimary and secondary amines can react with

nitrate (NQ ), sulfate (S@*), and organic acids to form soluble aminium salts. Tertiary amines



have been shown to form non-salt secondary organic aeros@\X 8@ oxidation reactions with
the nitrate radical, ozone &) or the hydroxyl radical (OH) (Murphy et al., 2007; Siha. et
2008). Estimations of amine dissociation constants in previoudisgishow that even when
ammonia is at typical ambient concentrations in urban regiansines can compete for acid-
base chemical reactions (Murphy et al., 2008gveral amines can be oxidized by oxidant
species in the atmosphere but tertiary amines are the only amines krioiorm non-salt
organic aerosol in the presence of OH ar M particular, studies have shown that SOA
formation is greatest when the oxidative species are a mixturatadgen oxides (N and Q
(Silva et al., @08)

Given potential reactions of sulfuric and nitric acidswémines to form PM, the
common assumption that available ammonia first neutralizes sulfatetlamexcess is available
to react with nitric acid to form ammonium nitratejay not be fully accurate. In addition,
there is little understanding about the contribution ofgamic nitrogen (ON) to overall aerosol
mass, but, studies carried out in the early 2000s sugdpedta significant amount of organic
aerosol mass is made up of ON. There is hardly any instghtha contribution of amines to
total ON masses (Mace et al., 2003; Makela et al., 2016; McGaedohnastasio, 2001,
Williams et al., 2001). This study focused on partice-gesolved measurements of amine
concentrations with the intent to better understand the chetnysof amines in the
atmosphere, their role in aerosol formation, and their contitibns to aerosol mass and

composition.



1.3 Sources of inorganic and organic nitrogen

It is well known that ammonia is emitted in large quantitiesn animal feeding
operations. Previous studies have shown that amines are alsoezhiitim these same
operations. Since the 1970s, amines have been identified in @ineos emissions from cattle
and swine operations (Bethea and Narayan, 1972; Miner and Ha269,; Mosier et al., 1973).
Later on, amines were observed to be emitted from dairy operationsedsas cattle and swine
operations (Filipy et al., 2006; Rabaud et al., 20@3hines are emitted from these animal
industries as a result of decarboxylation reactions in thergagestinal tracts of animals. Tlye
are also emitted from anaerobic processes in waste treatment (Rapperiitidr, 2005).

Other large amine emitters are vegetation and biomass burning (@, @011).
Wildfires, dead tree removal from forests, and agricultural armte burning are large biomass
burning activities that contribute greatly to amine emissoriThe highest emissions of amines
from biomass burning have been observed to occur during deniwig burns (Yokelson et al.,
1997).

While animal feeding operations and biomass burning are twbefargest sources of
amine emissions, there are other important local sources of aminekiding ndustry,
composting, and food industries (e.g. grain, sugar bexed, beer operations.)lAof these amine
sources are present in Northeastern Colorado and along thet Range. Amine emissions
result from grain, sugar beet, and beer production as altasfithe drying processes (for grains
and sugar beets) and, in the case of beer, the roasting andglof grains, as well as,
fermentation processes (Daniel et al., 2015; Passant et al., 1€28hposting is another

important local source of amines as the processes of compostiajves anaerobic activity,



which is known for causing amine emissions (Krzymien et 819)18tudies have shown the
potential for amine formation and emission from manure, yard wastardboard, construction
waste, recyclate, and particularly, restaurant and food wastamasting (Krzymien et al., 1999;
Tsai et al., 2008).

There are also more localized sources of amines. Automobileagsemaste, meat
cooking, pesticides, and tobacco smoke are known sourcesiokaand can potentially be
large contributors to fine organic aerosol mass (Rogge e1294, 1993, 1991)Interestingly,
amines have even been found to be emitted from common household nadgesuch as indoor
textiles (Sollinger et al., 1994, 1993). All of these sounewe the potential for amine emissions
to the atmosphere, driving the possibility for subsequentose! formation.

Amines have been recognized as potentially significant drtbis to the nitrogen
budget in the atmosphere (Fekete et al., 2010). Some early stlatiksd into the contribution
of amines, particularly trimethylamine, in the formation of sedary organic aerosol (SOA)
(Murphy et al., 2007; Silva et al., 2008). Murphy et al072@ttempted theoretical calculations
based on laboratory chamber experiments to assess aerosol thermodymearameters for
amines. More recent work (Jen et al., 2016, 2014) further comfir the importance of amines
in new particle formation involving sulfuric acid clusteBecause they are associated with
particle formation from the gas phase, amines are expected to be pityressociated with fine
mode patrticles, so high-resolution measurements in the sulonisize range have the
potential to provide useful insight into the types of paléis being formed from amine

chemistry.



14 Size Resolved Aerosol Measurements and Aerosol Formation Mechanisms

Near sources, PM can be emitted directly as primary organic alef@®A) or can be
formed from emitted gas-phase constituents via various chemicalpagdical processes. The
formation of ammonium nitrate is one such example. Ammonium nittsfermed by the

following reactin:

0%, :CE *04:C, » 0*401,

This is a temperature and relative humidity dependent, reversibletr@a. This is in
contrast to the formation of ammonium sulfate, which is essaiyt irreversible. Atmospheric
sulfuric acid (k5Q) can be formed via reactions 8Q in the gas phase and in cloud droplets.
When this reaction forms sulfuric acid, a neutralization tescbetween HSQ and NH can
form ammonium sulfate.

t0*, E ¢5% \ 0*365%

Acommonly held assumption is that, as the more acidic specidajesig likely to react
with all available ammonia before ammonia will react with nitric a¢idwever, some work has
shown that in some cases only partial neutralization of?S&as observed ithe presence of
organic gaseous species due to a competition between ammonia gaaiorgases for sulfate
uptake (Liggio et al., 2011; Silvern et al., 2017). Addiliprthere are often ionic imbalances in
measurements of PM composition, suggesting incomplete measureafemarged species

present in the aerosol and, potentially, a ladkuaderstanding of important aerosol formation



processes and reactions on aerosol already formed. Typiochiberved imbalances are anion
deficits and are commonly attributed to unmeasured organic acidg.(@ some cases, studies
have found a cationeficit that has not been well explained (John et al., 1990)mBgsuring

the traditionally measured inorganic ions (ammonium, sodium, reagm, calcium, nitrate,
and sulfate) in the same saies as amines, organic acids, and smoke markers, we hope to
improve our understanding of aerosol chemistry sourcesfrdautions to total nitrogen in the
atmosphere, and general aerosol formation mechanisms.

Due to a relatively long atmospheric residence time, PM candmsported from one
location to another with relatively minimal losses due temoval by atmospheric processing
PM mass often increases as the original aerosol picks upi@uli secondary constituents
along the vay (Seinfeld and Pandis, 2006). While ambient species like pat&auitrate and
sulfate compounds have been shown to constitute a large amofiaerosol PMs mass in the
atmosphere, there remain limited field measurements of the partstée distributions of these
important species as well as the processes that lead to themdtion in aerosol. Ammonium
nitrate and ammonium sulfate are typically assumed to be dominantributors, along with
organic matter, to particles in the submicron size range; é&wav, in some environments these
species are also observed in coarse particles.

Size-resolved measurements of PM composition have shownglikeythe importance
of fine mode ammonium near animal husbandry, coarse mode nitratéest sear the ocean
and near heavy agricultural productivity, and oxidationqasses of anthropogenic emissions of
sulfate. Lee et al., 2008r example, demonstrated the common importance of coarse mode

nitrate, especially in acidic aerosol formed in hot, dusty mmments, as a result of reactions



of nitric acid with sea salt and/or soil dust. Size heso data for species such as nitrate,
ammonium, and sulfate have been regularly collected and evaluatadderstand their role in
aerosol chemistry; high resolution size distributionsadat organic acids and reduced nitrogen

compounds have not typically been included.

15 Objectives

In this study, we examined the change in total nitrogen, amingeatrations, and
more generally aerosol composition measured at weekly intefvais March 2019 to October
2019 across an east-west transect of the following 3 sité¢H Colorado: (1) frorma
agricultural source region (Greeley2) the Front Range urban corridor (Fort Collins), and (3), a
remote site in Rocky Mountain National Park (RMNP)s@&kamples were primarily collected
to identify gradients in concentrations of oxidized andueéld nitrogen species, in the gas and
particle phases, and to quantify different amines and their re@ationtributions to Plyls
organic nitrogen.

Additionally, size resolved samples were collected at the Folih€slampling site to
examine individual inorganic and organic species size disoimitin an attempt to understand
ionic species found in PM, this study focused on tem lsias and a variety of ionic species with
aspecial emphasis on quantification of amines, including the mmonemonly studied ones
(trimethylamine, dimethylamine and methylamineBy analyzing amines, organic acids, and
smoke markers together in the same study, in addition to maaditronally measured
inorganic ions, this work was designed to inform developmérat lbetter understandingf PM

composition and formation mechanisms across different size ranigethe urban region of the



Front Range, it is expected that amines would be found in gignifconcentrations as there
are many known sources of amine emissions in this region. RMMNf @ther hand has
minimal sources of emissions and therefore, it would be expectatidmine concentrations

would be in lesser amounts relative to the urban corridor.
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2. Methods:

2.1 Sampling Sites

Three aerosol and trace gas monitoring sites were establish€deeley, Fort Collins,
and RMNP. Measurements at the three locations were made in tandemeaith other for
comparison. The spatial measurements reported here across the e using URG
denuder/filter-pack samplers, are weekly samples for the month oil 20192 Size-resolved
measurements of particle compositipnsing a cascade impactor, were made only at the Fort
Collins site during the months of August 2018 and Jark@tg to represent summer and

winter seasons, respectively

2.2 Denuder Filter Pack Sampling

Measurements of Pkk composition and select trace gases (ammonia, nitric acid, and
sulfur dioxide) were taken weekly with sample changes arounddaid-using a nominal flow
rate controlled by a mass flow controller of 10 L th{i€SU and RMNP) and a nominal flow rate
of 3 L min' (Greeley). Previous work has shown high concentratioga®fphase ammonia at
the Greeley site due to proximity of sampling to animal feedipgrations prompting a lower
flow rate to prevent over-saturation of the gaseous ammonia denwdgracity during a weekly
sampling period. RMNP and CSU samples have not been found tovsaMeared ammonia
denuders and used a more standard higher flow rate as used trspaties (Beem et al., 2010;
Benedict et al., 2018; Lee et al., 2008; Yu et al., 2005).

At each site the ionic composition of particles with an @greamic diameter less than
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2.5 pm were measured using URG denuder-filter pack sampliltgtskvere loaded into the
filter pack at the CSU laboratory and installed in a sampling &laimg withcoated URG
annular denuders. The annular denuders were coated with phagpts acid for collection of
gas phase ammonia and sodium carbonate for collection of mitict and sulfur dioxide (Lee et
al., 2008). The ambient air was drawn up through a Teflon-coatelbne rated for either a 10
L mint flow rate or 3 L mirt flow rate for collection of Pl (Dso = 2.5 um) depending on the
site. Next in the sample train are the denuders which collect ammonidgratid, and sulfur
dioxide by diffusion onto the appropriately coated surfaddext, the air flow was pulled
through a filter pack with a nylon filter (Measurement Techiggid.aboratories, LLC, 1 um pore
size and 47 mm diameter). Previous studies have shown higleatfjcof nitrate retention on
nylon filters, despite volatilization of ammonium nitrate penlate (NHNQs), by recapture of
the gas-phase nitric acid (Yu et al., 2003hwever, ammonia volatilized from the particulate
has been shown to not be efficiently recaptured by the nyltiars (Yu et al., 2006)Volatilized
ammonia from the NENQO; was consequentlyecaptured by a downstream back-up denuder
coated with the same phosphorous acid solution. The todafipulate ammoniunwas
determined by summing the ammonium found from the filter and the ammm found in the
back-up denuder.

The flow on the pump was measured using a Mesa BIOS defendealitmation meter
(Defender 530, Mesa Labs) to ensure the proper flow was beiledainrough the pump for
the size cut of the cyclone. The actual sampled air volume wasurezhseparately using a dry
gas meter and was corrected with a measured pressure differenceghrthe sample train at

the start and end of each sampling period. The calculatidatal sampled ambient air was
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corrected to standard conditions since each site was at ardift elevation to allow more
direct comparison between site locations. Before deployimggdry gas meters in the field,
they were tested in the laboratory withmicro-orifice for a set period of time to check if the
proper air volume was recordeth addition to the sampled filters, a set of blank filters wer
collected by loading the filters into filter packs and then cemmg them within one dayThis
was done as part of a quality assurance check. Blank samplesisemgenerated using

coated, but un-sampled denuders.

2.3 Size Resolved Particle (MOUDI) Sampling
2.3.1 Running the MOUDI

In addition to PMs measurements at the Fort Collins site, size resolved particle
composition measurements were also made. To measure ambient sizeeggarticulate
matter, a Micro Orifice Uniform Deposition Impactor (MOUDI) (Model081DB1050) was
used. Most models of the MOUDI, including the one usedhisrexperiment, allow for rotation
to evenly distribute the particulate across the filter. Radatis most useful when filters are to
be analyzed visually with a microscope or x-ray imaging. tyiesof analysis was not relevant
for the experiment carried out here and the MOUDI was operatedautiotation. Prior to the
initial sampling start, the MOUDI was cleaned by follovtitegcleaning method outlined
elsewhere (Lee, 2007). The MOUDI impactor stages collected pafties0.176 um at the
smallest size (an after-filter collected smaller particles passiisgstage) to <18 um at the
largest size across ten stages at a calibrated 30 i fitiw rate. This flow rate was not

corrected to standard conditions. Table 1 shows the relevienat suts and parameters for the
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MOUDI as determined from calibrations in previous studieslwivg the same instrument and

flow rate (Marple et al., 1991).

Table 1. Nominal and calibrated stage cuts are reporteelow based on the work performed by Marple et al. 8¢e stag
cuts are calibrated based on a flow rate of 30 L rhias was used in this experiment.

Stage # Inlet 1 2 3 4 5 6 7 8 After-filter
Nominal 18 |100|56| 32| 1.8 | 1.0 |056|0.32| 0.18| <0.18
cut-point (um)
Calibrated cut-
point 18 | 99 |6.2| 31| 1.8 | 1.0 |056|0.32|0.176| <0.176

(Lm)

Aluminum foil pre-cut round filters (MSP Corp. 47 mm diamemated with a silicon
spray and baked, were used for the impaction surface of each stagptthe after-filter. Each
aluminum foil filter was placed on a tray in a glovebox andyga with heavy-duty silicon
spray from MSP Corporation. Application of silicon spaged to reduce potential particle
bounce. The filters were then transferred into a clean giisis and placed in an oven pre-
heated to 60 °C and allowed to bake for one hour. The bakedsfivere then transferred to
sterile petri dishes (PALL 50x9 mm) and stored in a dry dark pdaesboading onto the
MOUDI stage plates. The largest 9 stages were loaded usgrajuminum foil filters but the
smallest stage (After-filter) was loaded with a Teflon filter witlg (PALL 2.0 um pore size, 37
mm diameter, Product ID: R2PL037) to collect remaining smalléclearin the sampled air
stream. To obtain the 30 L mirilow rate, a ¥-hp carbon vane vacuum pump was used (Gast
Manufacturing Corp.) along with a flow control valve oa MOUDI. Outside air was pulled
through a straight inlet into the MOUDI which was housed mobile laboratory parked
outside the CSU Atmospheric Science Department. The stream of air catiwanlegh the top

9 stages and through the first magnehelic. This magnehelic measueguessure drop across
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the top 9 largest stages and was set to 23.5 inches of watexdjusting the flow control valve
as suggested by the MOUDI manufacturer. The second magnehelicne@dse pressure drop
between the final stage and the environment. This magnehelic wasassad indicator that

the MOUDI was working properly. Values on the second magnehatievere too high were an
indication of a clog and values that were too low were ancation of a leak. Neither issue was
found for the samples analyzed in this experiment. The streanr ¢ien left the MOUDI and
was pulled past a third magnehelic and a dry gas meter in tandeenthid magnehelic and

dry gas meter were used along with elapsed time to determine the asaraple volume of air

and to confirm that the MOUDI was accurately operating at a®int! flow rate.

2.3.2 Inverting size resolved data and corrections

The MOUDI has relatively steep size cuts (Marple et al., 198&)50 % cutpoint of a
stage, denoted bydd, is the aerodynamic particle diameter collected with 50% effigreithe
collection efficiency curve for a stage describes collectioniefioy as a function of particle
size. Because even well-designed impaction stages do not ealpbifect step-change in
collection efficiency at the stage cutpoint, it is necessargdoount for this non-ideality in
reconstructing measured patrticle size distributions. To antfor the slope of the collection
efficiency curve for each stage, an adapted version of thenfeyaalgorithm was used
(Winkimayr et al., 1990). The original inversion proceduas developed by Twomey and was
successful in smoothing raw size distribution data byypglan iterative nonlinear algorithm
to the size distribution data (Twomey, 1979)he original Twomey algorithm, however,

produces artifacts when applied to cascade impactors with redbtisteep size cuts. The
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adapted version of the Twomey code accounts for the steepngsplying an additional
calculation for the weighting functions rather than assugithe kernel functions are identical
to the weighting functions (Winklmayr et al., 1990). Irsthdapted version of the coda,

Fredholm equation is solved in the form below.

WL i GTRT @T (1)

In this function, G; T, is the kernel function that depends on the instrument and the
probability of a particle sizedcollected on stageée The integral bounds are the upper and
lower size limits of the instrument stages. In the inisalution of this equation, a guess
function is determined ad®} : T and then iterations are performed until a stopping criterien i
reached. The initial guess function was determined baseiti®@maw MOUDI data collected for
this study. After successive iterations, the initial guiegction becomes modified by
multiplying B: T, by the kernel function and a ratio of actual mass to caked mass.

Fredholm equations of the first order are typically solveddgylacing the integration with a

summation. Then equation (1) becomes

W vL A2 Gy T B:T; UZ “ S ? (2)

Where B: T ;is modified in the form
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B.eT, L ¢Hy; 0>sE

O’JD

Fspgl:? (3)
O

and =5 Ty is the weighting function that replaces the kernel functioicls that

=T L GT: (4)

The term%)i;s the ratio of actual mass to the calculated magsis the particle
(olye]

diameter, and m is the number of points that the distributtis evaluated at. For this study, m =

100. The weighting function was calculated using the follovergressions:

G:% L 3T )

GToL $Ta3sF 55TV a8 >s EiT;? (6)

where E L J F sa J F t&Adandgs the number of stages. The tetmy; T, ;, represents the

efficiency function of the largest particle size range and @addiermined generally by

6?5

T L cisE@é%A h (7)

The weighting function is dependent on the particle diametdg,the 50% cutpoint
@ 4 and the steepness, s.
The Twomey inversion stops when the improvement in the accysacgmeter, sigma,

is smaller than five percent. Sigma is given by the follo¥angula,
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where U ljs the absolute uncertainty for the mass on the sta§eThe code was only
allowed to run for 100 iterations. When the stopping eri&, sigma, was not attained in 100
iterations, then the code was stopped after the 10ieration and the final iteration was used
in the output file.

The adaptation used for this study was written in Fortrad aan be modified to other
cascade impactors aside from the MOUDI. The adapted Twomey hig@dcounts for non-
ideality in the collection efficiency of the MOUDI and smodtesraw size distribution data
across all measured size bins. The values@qrcutpoints and steepness were adopted from
Marple et al. and integrated into the adapted Twomey algorithm (NMagt al., 1991).The
Fortran code was adjusted to reflect the number of stages and MGid®parameters, before
being compiled and run using CodeBlocks software. A notddlheunade, due to the nature
of the originally written code, a faux size range had tetsated to allow for the code to be
run properly. This faux size range was smaller than the éfter-range and represented the

range of 0.05 um down to O um.

2.4 Sample Analysis
2.4.1 Sample Extraction

URG denuders were immediately extracted upon return to the labadineampled filters
were removed promptly from the filter pack or MOUDI housiagj. of the collected nylon and

MOUDI filters were placed in 16 mL sterile polystyrene roundebotubes with the sampled
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side of the filter facing inward from the walls of the tube &hén stored in a cold room until
extraction. Extraction for all filters was performed witimL deionized water (DI) purified from
a ThermoScientific Nanopure system. It has been shown thaaetkon with DI is efficient at
removing the ions from the nylon filte (Yu et al., 2005)After addition of DI water, the sample
tubes were placed in a sonicator (Branson 3510) and allowedttact for one hour, then
immediately measured on the Dionex IC systems for amines, orgeidig, and common

inorganic ions.

2.4.2 lon Chromatography
Filter and URG extracts were analyzed by several Dionex lon Chgyayitq DX-500)

systens. Descriptions of the various methods follow:

Amine IC System

The amine Dionex IC system was equipped with an AS50 autosampésf
regenerating cation suppressor, an ED50 electrochemical detectora &P50 gradient pump.
In addition to amines, other cationic species were measured ukisgC system. The eluent
drawn through the cation IC system was methansulfonic acid (MSA3alution with DI water
Because the amines retention times are so close together, a modifiedotheths developed at
CSU by Amy Sullivan to ensure high resolution of separate amine.p&hk cation separation
occurred on Dionex CS-19 guard (4 x 50 mm) and analytic2b@ mm) columns. Under a 1
mL min* flow rate, each sample separated over a total of 125 minutesallgj the first 68

minutes had an isocratic elution with 0.3 mM MSA in ordedétect any +1 charged inorganic
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cations. For the next 17.9 minutes, a linear gradient f(bfto 6 mM MSA occurred to
separate all the amines. An isocratic elution was performed fof @8nutes at 6 mM MSA to
detect +2 charged inorganic cations. For the last 10.4 minates;equilibration step was used
to return the IC to the starting conditions for the nesa@ample. Error! Reference source not
found.Figure 1shows an example of a chromatogram from the amine IC systemtalfotd 6
different amines were analyzed and are listed in order of retertiimes: ethanolamine,
methylamine, diethanolamine, dimethylamine, allylamine, propylsemtert-butylamine,
trimethylamine, diethylamine, sec-butylamine, iso-butylaminetytamine, triethylamine,

dipropylamine, amylamine, and 1,4 diaminobutane.
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Figure 1An example of an amine separation chromatogram is pretegl above. A total of 16 different amines and five
inorganic ions were analyzed in this work. Graph cagy of Amy Sullivan, Colorado State University.

A total of 5 different inorganic cations were measuredhe amine separation: sodium,
ammonium, potassium, magnesium, and calcium. Separated amine andmimogtion peaks
were analyzed using the IC Chromeleon software and concentratierss determined using a

calibration curve developed from standards with known commbaoncentrations. An
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example of a typical calibration plot made from a set of standexdfiown in Figure 2.
Ammonium was the only species that exhibited a polynomial sigisplonse. All other species
analyzed for this work were plotted with a linear calibratitn The MOUDI substrates and

Teflon and nylon filters were analyzed by this method.

Ammonium calibration plot
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Figure 2. An example of an ammonium calibration plosisown here. Ammonium is the only analyzed speciethis work

that has a polynomial signal response; other specievé linear responses.

Organic Acid IC System

The organic acid (OA) system consisted of a Dionex ion chroraptoipX-500) with a
gradient pump, self-regenerating anion suppressor, and a cdiltycdetector. These species
were separated on a Dionex AS-11HC guard (4 x 50 mm) and an&lyx2aD mm) columns.
To resolve the peaks of species with similar retention timesethod involving a gradient
change with the eluent was developed at CSU by Amy Sullivan ajléavihigh resolution

between species peaks. The eluents made for this IC were a Soativhs hydroxide (NaOH)
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and 100 mM NaOH solution in DI water along with pure DewaEach sample was run with a
flow rate of 1.5 mL min for a total of 65 minutes. The initial 13 minutes had acriatic

elution with 1 mM NaOH before a linear gradient from 1 mM tarid was performed for 20
minutes. Then a linear gradient from 15 mM to 30 mM NaOH wasd out for the next 10
minutes. Next a linear gradient was carried out from 30 mM3onM NaOH for only 5
minutes. Lastly, a re-equilibration step was carried outlfominutes to return the IC to the
starting conditions for the next sample to be run. A tothll6 OA species were analyzed for
this experiment as follows: acetate, propionate, formate, butyrate, meesulfonate
pyruvate, cis-pinonate, valerate, glyoxylate, glutarate, s\atei, malonate, maleate, oxalate
and phthalate. In addition to the OA, four inorganic iorsevanalyzed using this IC method

(chloride, nitrite, nitrate, and sulfate).
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Figure 3. An example chromatogram for OA is shown aboveapt courtesy of Amy Sullivan, Colorado State University.

A set of standards with known concentrations of each oflisted OA above were run

and calibration curves were developed. Only the MOUDI substveges analyzed by this
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method due to difficulties in accurately analyzing nyldterfs for OA. These difficulties arise in
the high background concentration of OA found on the nyltbars, making accurate sample

detection unattainable.

Anion IC System

PMsnylon filters were analyzed using a Dionex IC equipped with&¥A lonPac
analytical column (4 x 250 mm), a self-regenerating anion suppres$D20 conductivity
detector, an IP25 isocratic pump, and a SpectraSYSTEM AS3000 Awtosahginorganic
anions that were measured are: chloride, nitrite, nitrate, antfate. The eluent for this
method was an 8 mM sodium carbonate ¢8&) and 1 mM sodium bicarbonate (NaH{L O
solution that was operated with a 1 mL riflow rate. A series of standards were made to
develop a calibration curve for each species measured. The filtkns were analyzed by this
method to obtain inorganic ion data since we were unable ® the organic acid system for

this type of filter.

2.4.3 Total Nitrogen Analysis

Total nitrogen (TN) content was measured for the URG nyltensfusing a TOC/TN
analyzer (Shimadzu TOC-V with TNM-1 attachment). Due to the lianitednt of extract
volume (2.2 mL total), manual injections were made in the TN analystelad of using the
attached auto-sampler. Using the TOC-V Sample Table Editor smftivainjection volume
was adjusted to reflect manual injections but still allowed fmek injections of approximately

0.75 mL each. As a consequence of the manual injection methdallzbies were generally
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present in the first injection causing inaccuracies in thaeaigetection. Therefore, the second
and third injections were averaged and used in the TN determina#ioset of standards
consisting of sodium nitrate (NaNy@vas made to create a calibration curve for sample
analysis. The standard concentrations were chosen tegethe smallest and greatest
concentrated samples. Standard concentrations were 0.2 mg, R.EmgNE 1 mgNt£, 3

mg N £, 5 mg N £, and 8 mg N-L. An example of the TN calibration plot is presented in Figure
4. Samples were analyzed for TN content using the lineagdi@tion generated by the TN

standards.

TN calibration

/.

// @® TN calibration
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Figure 4. An example of the calibration plot generatém TN analysis of samples is shown above. The standahdesawvere

fitted with a linear line and the resulting equatiomwas used in analysis calculations.
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2.5 Quality Assurance and Quality Control

Overall measurement precision was calculated using a relative stadéardtion (RSD)
as outlined in equation (9). Due to limited sample extract mas, the RSD was calculated
using replicate standards that were similar in concentratiothi samples.

45& L‘IUL#‘“DLTJSH" (9)
where 5 3 4 dsthe pooled standard deviation andis the average of all replicate samgle

A set of 12 blanks (11 aluminum foil filters, and 1 tefloerafiiter) were collected
during both the winter and summer seasons for a qualiguasnce check. The blanks were
analyzed and averaged to correct the MOUDI size distributionataddo determine the
method detection limit (MDL). The same was done for URG nylersfilDetection limits were
determined using the standard method blank calculation at the 86#6idence limit using the

average of three blank samples as shown in the equation below

[

sy (;_>
/&. P P UpUsE5—~ 10)

where Hs the t value given at the 95% confidence interval for tlewant degree of
freedom, Wsis the blank standard deviatiorf)gs the number of sample measurementsdafg
is the number of analyzed blanks.

In the cases where species concentrations were found to be bisewIDL, the
concentrations were replaced with half the MDL value to avoitha im calculations of mean
concentration valuesThis issue was only significant for concentration measuremeinsome

trace-level amines. Inorganic ions and most OA species were praseoncentrations greater
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than the MDL. Table 2 lists MDL values for the different aminalyaed. The final column of
the table indicates which species were found consistently abloeeletection limit.
Table 2. A table of MDL values for amines is showrolael/ D > A opu « E ]Jv pv]$e }(values assosiatddl >

with different filter types (MOUDI and URG) and flowrat€3 L/min and 10 L/min)) are in units of negAnThe final column
has a Y for the species that were consistently abotie MDL and a N for species that were not.

. MOUDI | MOUDI URG URG.(10 URG(B Al\a(ljj\ll_ei;he
Species ~ < ey md) | ~ ... <l L/mm)3 L/mm)3 fine mode?
(neg/m?) (neq/ m) | (v or N)

Ammonium 0.001 0.001 0.001 0.001 0.001 Y
Ethanolamine 0.063 0.002 0.063 0.003 0.009 N
Methylamine 0.225 0.009 0.226 0.010 0.034 Y
Diethanolamine 0.018 0.001 0.018 0.001 0.003 N
Dimethylamine 0.180 0.007 0.180 0.008 0.027 Y
Allylamine 0.116 0.005 0.116 0.005 0.017 N
Propylamine 0.033 0.001 0.033 0.002 0.005 N
tert-Butylamine 0.024 0.001 0.024 0.001 0.004 N
Trimethylamine 0.007 0.0003 0.006 0.0003 0.001 Y
Diethylamine 0.038 0.001 0.038 0.002 0.006 N
sec-Butylamine 0.061 0.002 0.061 0.003 0.009 N
iso-Butylamine 0.067 0.003 0.067 0.003 0.010 Y
Butylamine 0.056 0.002 0.056 0.003 0.008 N
Triethylamine 0.048 0.002 0.046 0.002 0.007 N
Dipropylamine 0.070 0.003 0.068 0.003 0.010 N
Amylamine 0.069 0.003 0.073 0.003 0.011 Y
Siamimtane | 0177 | 0007 | 0.165 0.008 0.025 N
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3. Results:

A total of 5 weekly nylon filter samples for RMNP, Forti@&pland Greeley were
collected in spring 2019 and analyzed for various aminesygamic ions and total nitrogen
content. The figures below show a time series of various speciess all three sites. Due to a
power outage, the Greeley sample from Apfil\®as excluded from the data set.

In addition to the nylon filters, MOUDI samples for botimter and summer seasons
were analyzed for amines, inorganic ions, and organic acidstalkof 5 samples were
collected throughout each season in four day sampling pleremd each sampling period

yielded10 samples to be analyzed from fine mode to coarse mode for ealtdcted sample.

3.1PMe5 TN and inorganic ion spatial distributions

The spatial distribution d?Me s TN(Figure 5a) showed the greatest nitrogen content in
Greeley and smallest in RMNP. The same tendency was observed:foafkionium (Figure
5b) and nitrate (Figure 5c). The greatest concentrationdNadflFort Collins and RMNP

occurred on April 9.
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i Spatial distribution of total nitrogen (TN)
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Figure 5. Spatial distributions for TN (a), ammonium (&d nitrate (c) are shown above for the month of Ap#019

Measurements were made at Greeley (GYM), Fort Coll®SJ) and Rocky Mountain NP (RMNP).
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An assessment of inorganic, organic and total nitrogen conceatgshowed nearly all
of the PM s TN is attributed to ammonium plus nitrate for all three sitg®l across the whole
month of April. In other words, inorganic nitrogen (INyrdoated thePM.s TN observed at the
three sites in this study and only small amounts of ON webserved based on TN analysis at
Fort Collins and RMNP locations, consistent with resultsrted in other literature While
Greeley did not exhibit evidence of ON, an assessment of peecemtshows that trace
amounts of ON are still potentially found in these sampleBable 3 lists the ammonium to TN
and nitrate to TN ratios for the three sites along with ffercent errors. Ammonium
accounted for approximately half of the TN and nitrate accountecipproximately one-third
of the TN consistently during the month of April 201%att Collins. Greeley and RMNP
generally had higher contributions of ammonium to TN concaidns compared to Fort
Collins. Nitrate contributions to TN concentrations wemailar at Greeley and Fort Collins and
smallest at RMNP.

Ammonium was highest in concentration at Greeley, as can beisdggure 5b. The
trend remains the same for nitrate with the greatest concentatobserved in Greeley and the
smallest concentration observed in RMNP. Formation of ammoniumteiinvolves the
reaction of gas phase ammonia and gas-phase nitric acid. An asses$mastphase
concentrations of both ammonia and nitric acid is offeredHerton in this section.

Ammonium in PMs can also be associated with ammonium salts of sulfate or orgeainis.

29



Table 3. The ratios of ammonium and nitrate to TN adpwith the associated percent error are shown in tible below for
the different sites during the month of April. The RSD tbie sum of ammonium and nitrate to TN is calculatedrin
combining the individual errors of ammonium and nitrate.

41212019 | 4/9/2019 | 4/16/2019 | 4/23/2019 | 4/30/2019 | %Error
s csU[ 0.65 0.50 0.56 0.51 0.52
8 GYM| o061 n/a 071 0.76 0.71 6.8
60 RMNP|  0.84 0.57 1.03 0.61 0.62
017 csu| o031 0.31 0.33 0.28 0.31
= GYM| o041 n/a 0.38 0.37 0.35 8.6
RMNP|  0.22 0.27 0.22 0.25 0.25
0% E01,°| CSU| 0.96 0.81 0.89 0.79 083 | 11.3
50 oYyM| 1.02 n/a 1.10 1.13 1.06
RMNP|  1.06 0.75 1.25 0.87 0.88

The spatial distribution of sulfate (Figure 6) follows slaene trend as described above

for ammonium and nitrate, with the greatest concentration ebged in Greeley and smaller,

fairly similar concentrations in Fort Collins and RMNP.

4 — . . . . .
1 ® Spatial distribution of fine mode sulfate
3
"?E .
E 3
s ]
.
- ]
o 24
T ]
5 F -8 CSU- SO,
& -8 GYM- SO,
o 3 RMNP- SO,
13
1 e ~__ " P P
04
T I T T T T T T I T T T T T T I T T T T T T I T T T T T T |
4/2/2019 4/9/2019 4/16/2019 4/23/2019 4/30/2019

Date

Figure 6. Spatial distribution of fine mode sulfate for &xley, Fort Collins, and RMNP.
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Although, in the case of sulfate, there is less of a cleatiaistribution trend as was
observed for ammonium and nitrate.

While our main interest in this work lies in the nitroggsesies present in the fine mode
aerosol it is important to consider the gas phase species that pa#teijin gas-particle
partitioning reactions. In Figure 7 particulate ammoniund gaseous ammonia (a) and
particulate nitrate and gaseous nitric acid (b) concentrationssaimvn for the three
measurement sites. Together gaseous ammonia angsRhmonium comprise N(-IlI),
nitrogen in the -3 oxidation state. There were higher gasesumonia concentrations in
Greeley, reflecting its proximity to agricultural ammonia &g The difference in the
ammonium concentrations across the three sampling sites wademntiaan the difference in
ammonia concentrations at each site. Gas phase ammonia is remehagyely quickly from
the atmosphere through dry deposition and chemical reactioevine mode particulate
ammonium can be transported longer distance to relatively remotations. Particulate
nitrate is in greater concentration relative to gaseous oiacid at all three measurement sites
and shows similar differences between gas and particle spemesath site. Greeley shows
the greatest average concentrations of both gas and particbesp N(V) (nitrogen in the +5
oxidation state: nitrate plus nitric acid) while RMNP shovesdimallest concentrations of both
phases. This is to be expected given the large amount of emissiwsoes near the Greeley site

and minimal amount of emission sources near the RMNP site.
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Spatial distribution of NH; and NH,,~

a)
500 +
=3 NH,
~ 400 &Y NH; \
E
g 300 \
g 200
o
0 =\
' RMNP ' csu ! GYM !
25 — Spatial distribution of HNO; and NO;

b)

204 | @ NOj
] | & HNO;

; 3
Concentration (neqm ')
1

1 1
—

7
Z

RMNP CsSu GYM

Figure 7. Gas and particle phase concentrations stiewn for N(-Ill) and N(V).

3.2 Organic nitrogen spatial distributions
In the TN analysis we looked at the contributions of ammorauneh nitrate to TN but

the organic nitrogen content of the fine mode aerosol at théisree sites was not addressed.
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Using the TN measurement and inorganic N species, there is eeidéorganic nitrogen in
samples collected at Fort Collins and RMNP and no evidence of @®&ed¢y. However, using
the amine IC method described in the methods section we were abdietect some amines at
all three sites. On average the contribution ofcalbntified amines to TN was 0.98at RMNP,
1.4 % at Fort Collins, and 1.1 % at Greeley.

Figure 8 show plots of methylamine (a), dimethylamine (b),tentethylamine(c)
spatial distributions. Methylamines showed the same geneesldras ammonium with the
highest concentrations generally occurring in Greeley. \Wighexception of dimethylamine,
RMNP had the lowest concentration of methylamines. In the caseradttylamine, Fort
Collins and RMNP were observed to have nearly identical conciemsawith little variation
throughout the manth (Figure B). Concentrations of dimethylamine in Fort Collins and RMNP
generally were not detected above the MDL and were, therefore, replaceédhalf the MDL.
Trimethylamine was observed to be very low in concentratieiwas still found above the
limit of detection for all three sites with the exceptionthie sample collected in RMNP on
4/30/2019 that was slightly below the MDL. As can be de&an Figure 8, trimethylamine
exhibited a similar trend on 4/23/2018s previously seen for ammoniumhen Greeley and
Fort Collins showed similar concentrations. The most entmated day for Greeley for both
ammonium and the three methylamines occurred on 4/2/2019. Thetrooscentrated day for
ammonium in Fort Collins and RMNP occurred on 4/9/20B9eeley and Fort Collins showed
the highest methylamine, dimethylamine, and trimethylamine concatiins on 4/2/2019.

Trimethylamine concentrations were also highest at RMNP on thes dat
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Figure 8. Methylamine (a), dimethylamine (b), and trimethylamei (c) spatial concentration distributions are showfor the

month of April2019
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In addition to the methylamines, plots of other amines are preéednn Figure 9. Due to
the lack of variation in methylamine concentrations over time (heoughout the sampling
month), the time-weighted average concentration was calculatedhierentire month and
plotted for each site to evaluate spatial variation acrossssiather than changes in time. The
error bars describe the variability across the sampling periatrapresent the maximum and
minimum concentrations observed at each site. The concentraiasgrved for allylamine
(Figure 9a) were very small across all sites and were often bawaetection limit for RMNP
and Fort CollinsThe highest concentrations were observed in Greeley. Dypaomune (Figure
9b) also showed little evident variation between the different sdimgp dates and
concentrations were found to be highest in Greeley andweahe detection limit for RMNP
and Fort Collindn contrast to the other amines shown, iso-butylamine (Fecim)
concentrations between Fort Collins and Greeley are very simpitasibly suggesting similar
sources in the two locations. RMNP exhibited much loweceatnations of isdutylamine,
consistent with fewer local sources and dilution, oxidatiand/or deposition reducing

concentrations during transport from the Front Range.
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Figure 9. Spatial distributions for allylamine (a), dg@ylamine (b) and iso-butylamine (c) are shown above.
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Animal husbandry is a known source of amines but other sotyy@es can contribute to
amine emissions, includinga-butylamine and dipropylamine from tobacco smoke and from
agricultural sources. Some amines, such as amylamine, can be efrottethe beer
fermentation and grain-drying processes; the beer industryehsge impact in Northern
Colorado, particularly in Fort Collins. In contrasth& other amines shown her¢he
amylamine spatial distribution (Figui®) shows consistently higher concentratiang-ort
Collins. RMNP still shows the lowest concentrations ovdratlGreeley concentrations are not

much higher. The highest concentration was observed in€aliins on 4/23/2019
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FigurelO. Spatial distribution of fine mode amylamine for Greele@{M), Fort Collins (CSU), and RMNP is shown above.

3.3 MOUDI size distributions

Size distribution measurements were made in August, 2018 and dar@d9. Plots of

ammonium, nitrate, sulfate, oxalate, and various amines are showmsrsection to illustrate
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their size distributions. The plots also illustrate th@omey inversion as it compares to the raw
MOUDI stage concentration data. The Twomey algorithm smoothaémas for more

accurate representation o%e &S] 0 size dijtrijution data by taking MOUDI stage
collection efficiencies into consideration. The smooth lifleginning with Figurél) show the
inverted data from the adapted Twomey algorithm while the kstrew the measured
concentrations for each MOUDI collection stage.

Figurell shows the size distribution data for ammonium (a), nitrafe émd sulfate (c)
on 8/24/2018. In all three cases, the Twomey fit represémesdata well, even when coarse
aerosol is the dominant mode, as observed for nitrate. Nitrajgresent in the coarse mode
during the summer sampling periods likely in the form ofienal nitrate salts. Magnesium and
calcium data supports the formation of soil dust-derivedati salts with peaks for these
species in the coarse mode overlapping the coarse mode nitrate peaknaller submicron
nitrate mode, presumably ammonium nitrate, is also observed. Amuanomitrate is typically
not very abundant in the summertime atmosphere due to the tendeiocyammonium nitrate
to dissociate and return ammonia and nitric acid to the gas plaser high temperature
conditions. The sulfate size distribution for this summs@mpling period shows a commonly
observed submicron mode for this species, but also indictitedhbility of the inversion to
identify a potential sulfate droplet mode (reflecting aqueoudatel production in cloud drops)
around 1 to 2 microns. A small sulfate coarse mode is also @pparhe ammonium
distribution is dominated by a fine particle, submicron repdhere ammonium appears to be
paired with sulfate and some nitrate. A small droplet mode is apgmarent for ammonium,

likely reflecting its pairing with sulfate in this size rang
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Ammonium size distribution
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Figurell. A comparison between ammonium (a), nitrate (b), asdlifate (c) is shown above for the sample collected on

8/24/2018.
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Evidence of a droplet mode was not only found for sulfatefouoxalate as well
although oxalate (like sulfate) was primarily present in a sutlmmiaerosol modeAn example
of this droplet mode is showm Figurel2. Interestingly, other organic acids, including acetate
and succinate, also show some evidence of a droplet mode dthengummer sampling
periods, although this mode was not as clearly defined asmis for sulfate and oxalate.
Generallyadroplet modeis more prevalent during periods of higher humidity and igdy
found to be an effect of aqueous-phase chemistry (Hering amdilgnder, 1982; Meng and
Seinfeld, 2007; Wang et al., 2012). During these periodseaiter humidity and/or cloud
presence, constituents in the atmosphere under-go agueous pblasmistry and produce new
particles that are larger and of different composition than \batherwise occur with a dry

particle. The sampling periods of 8/17/18, 8/21/18 an@4/.8 suggest agueous processing.

Inverted vs non-inverted size distributions for oxalate (8/24/18)

—— Twomey inversion
= non-inverted data

Concentration (neq m° pm‘ﬂ)

0.1 1 10
Diameter (pm)

Figurel2. Non-inverted data compared to the Twomey inversion iogin for oxalate during the 8/24/18 sampling period.

Evidence of droplet mode occurs here.
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The summertime nitrate for the period of 8/17/19 shows a p@akhe general droplet
mode range. Typically, evidence of a droplet mode is foura $ipall bump riding on the
dominant fine mode peak; yet, nitrate, during the 8/17/19 peti shows a very definitive peak
for fine mode (peak max = 0.6 um), droplet mode (peak max = 1.6gmu)coarse mode (peak
max = 4.3 um). However, a comparison to raw data shows thap#ak is likely an artifact

caused by the Twomey inversio

Inverted vs non-inverted size distributions for nitrate (8/17/18)
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Figurel3. An artifact caused by the Twomey inversion is showrthie nitrate sample during 8/17/19. The peak at 1uén is

not an actual evidenced droplet mode as can be segrthe raw data.

In addition to inorganic ions and organic acids, the Twoimegrsion was fittedo the
MOUDI measurements of amine data. Figieshows size distributions for methylamine (a),
dimethylamine (b), and trimethylamine (c) for the sample collected/ab/19. Trimethylamine
and dimethylamine both show size distribution peaks arourdiin, but methylamine shows a

broader maximum around 0.55 pum, suggesting other processemgdriormation of larger
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particle sizes. While trimethylamine is dominant in the finedmadhere is some suggestion of
trimethylamine existing in the coarse mode, as well, in verglsconcentrations.

Amines were observed to be present primarily in the fine mode widst of the mass in
all samples falling between 0.2 and 1 um. Generally, the amhasvere measured in greater
concentrations in the fine mode consistently above the MDLevtemethylamine,
dimethylamine, and methylamine. There is almost no evidence oSeaaode amines and
some of the amines measured were not clearly observed in the ficearse mode for either
season, suggesting concentrations of these are insignifiéanine coarse mode peaks are
difficult to ascertain because much of the coarse mode data is @wlsk the effect of the
treatment of values that fall below the MDL. When data pointserMfeund to be below the
MDL, then the data was replaced with half of the value of the Midisiag difficulty in
ascertaining the coarse mode distributions for these three asinTable 4 shows a more
complete list of amines that were and were not detected above the MBdveral amines were
only slightly above the MDL and are indicated as such inaile t For example, amylamine,
even when detected, the concentration was only just above the MiDking greater
uncertainty in the peak maxima. Overall, the winter showed gégk concentrations of most

amines with the exception of the methylamines.

Table 4. A list of the amines that were or were ndétectedis shown here for summer and winter seasons. Amines that
were detected slightly above the MDL are indicated withe word, “slight._Amines that were and were not detected above
the MDL are indicated with a Yes or No, respectively.

Amines Summer (2018) Winter (2019)
Propylamine No No
Dipropylamine No No
Ethanolamine No No

Diethanolamine No No
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1,4-diaminobutane No No
Tert-butylamine No No
Sec-butylamine Slight No
Triethylamine Slight No
butylamine Slight No
Allylamine Slight No
Diethylamine Slight No
Iso-butylamine Slight Slight
Amylamine Slight Slight
Trimethylamine Yes Yes
Dimethylamine Yes Yes
methylamine Yes Yes
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Figurel4. Size distributions for methylamine (a), dimethylamine (byatrimethylamine (c) are shown above for the

1/15/19 sampling period.
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3.4 Size distribution ionic comparison

In previous work, there are often indications that excess amomnabove what is
needed for neutralization of sulfate, is attributed to ammoniuaitrate. In the winter samples
presented here, ammonium neutralizes both sulfate and nitrate cetep}. Figurel5 shows

the ammonium observed during the 1/15/19 period was in slightess to nitrate and sulfate

combined. Some ofth™ A& e+ uu}v]pu }puo e} 18 A]3Z }& o0 8§

both of which were found in small concentrations. Notspakhe presence of a dominant find
mode of ammonium nitrate in this winter sample, in strong castrto the coarse mode nitrate
that dominated the summer sample discussed above. Ammonium nitvateation is often
thermodynamically favored under wintertime conditions. Therdstion maximum of sulfate

} HEe+ 8§ iXdA ...u AZ]Jo 3Z u AJu (}E uudwlixul. RhevdizeE 3
difference between nitrate and sulfate size distributionsas umusual and reflects different
origins for these species in the atmosphere. Note the absenaeys§ignificant coarse particle

mode for either nitrate or sulfate in this winter sample.
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_5 Inorganic ion comparison for 1/15/19
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Figurel5. Equivalents of ammonium are compared to the sumniifate and sulfate equivalents and ammonium was

observed to be plentiful to neutralize both nitrate andulfate.

A second winter particle size distribution example is shownife sampling period of
1/25/19 in Figur€el6. During this period, the concentration of ammonium was alnme&tctly
equivalent to the sum of nitrate and sulfate concentrationshi@ fine mode range. Once again,

no significant coarse mode is present for either nitrate dfade.

46



0.2}
o

o
sl v by by by by bl
n

Inorganic ion comparison for 1/25/19

(2}
o

n
o

O NH,
m NO,
= SO,

Concentration (neq m® pm'1)

N
o

T T T T 1
3 4 5 6 7 89

I T T — T T T T T
2 3 4 5 6 7 8 9

1 10
Diameter (um)

o
-

Figurel6. Winter sampling periods show almost exact neutralizatiof sulfate and nitrate by ammonium in the fine mode.

Summer sampling periods (eg., the 8/24/2019 sample shown uré-lga) show
ammonium to be in excess, relative to the sum of sulfate and ®itiatthe fine mode and to
be deficient in the coarse mode. Excess fine mode ammonium herekbpsréacted with
organic acids (see Figut@ for the presence of fine mode oxalate in this sample). Sulfatieein
summer time exhibits evidence of a droplet mode that is formedrduperiods of highe
relative humidity (RH). The neutralization of sulfate in thaptet mode by ammonium is
evidenced by ammonium present in the droplet mode range. Ammonispiays a drople
mode peak that overlaps the droplet mode of sulfate (Fidgid&). The deficiency of
ammonium in the coarse mode occurs because nitrate and sulfate meryically paired with
mineral cations (Figuré7b) as a result of reaction with coarse particle soil déSgurel8
confirms the correlation between coarse nitrate plus coardéaseland coarse magnesium and

coarse calcium. Calcium and magnesium are known mineral catiamg iio soil dust.
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| Inorganic ion comparison for 8/24/18

Concentration (neq m° pm‘1)

O I T T T T lIIII T T T T IIIII
2 3 4 5 6 789 2 3 4 5 6 789
0.1 1 10
Diameter (um)
— b =
20 — —)
E 15
@ - 2+
= i E|032
g 4 = Mg
£
= i
2 10
ju i
T
S i
Q
c _
o
[&] -
5_
0 I T T T T lIIII T T T T IIIII
2 3 4 5 6 789 2 3 4 5 6 789
0.1 1 10

Diameter (um)

Figurel7. Summer sampling periods for 8/24/2019 (a) show ammoniuantte in excess in the fine mode, as was the case in
the winter. However, there is now presence of coarsiirate and sulfate that are in the form of salts witinineral cations (b)
rather than ammonium. Nitrate and sulfate are stackéd show comparison to ammonium and calcium and magnesiare

stacked to show comparison to coarse nitrate and fauib.
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Figurel8. A correlation was observed between coarse nitratechooarse sulfate vs coarse magnesium and coarse caléarm

the 8/24/2019 sample.

3.5 Seasonal trends

Concentrations of inorganic nitrogen in PM were found éoslnaller during the summer
season compared to the winter. Figur® shows the summer and winter concentrations for
ammonium. Interestingly, the particle sizes corresponding wie peak maxima are typically
larger for the summer season. The largest particle maximaramst when the RH was also
found to be high during the midday. Since the partiglese not dried prior to entry into the
MOUDI impactor, these size distribution shifts likely reflgaroscopic aerosol particle growth.

Higher temperatures during the summer can explain the greater ammoniu

concentrations observed for the winter. While ammonia emissimerease at warmer
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temperatures in the summer, most of the ammonia under these condstisrfound in the gas

phase due to the semi-volatile nature of ammonium nitrate.
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Figurel9. A seasonal comparison for the size distribution of amnium is shown above. Summer showed smaller

concentrations and larger maximum particle size compar® winter sampling.

A larger particle diameter maximum during the summertime compared tbestime
was a consistent trend for all measured species; however, a greateentration during the
winter was not always observed for all measured species. For dgadimethylamine and
trimethylamine were observed at greater concentrations during satmmer season but
methylamine showed greater average concentrations in the winkegure20, Figure21, and
Figure22 show methylamine, dimethylamine, and trimethylamine seasonal trehadsill cases,
the peak maxima occur at larger particle sizes during the sutimerlikely an effect of higher

RH and associated particle hygroscopic growth.
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Figure20. A seasonal comparison for the size distribution of metiyline is shown above. Methylamine is the only amine

that shows the same trend as inorganic nitrogen wigieater concentrations occurring in the wintertime.
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Figure21. A seasonal comparison for the size distribution dimethylamine is shown above. Dimethylamine differs from

methylamine as the greatest average concentration occirshe summertime.
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Figure22. A seasonal comparison for the size distribution ofniethylamine is shown above. Trimethylamine is observexd t

be in greater concentration during the summertime gontrast to inorganic nitrogen.

Seasonal trends faDAwere also analyzed. These species were almost exclusively
found in the fine mode during both the summer and wintengpling. However, formate,
oxalate, malonate and acetatgere observed to have small amounts in the droplet mode
around 1 pum during the summertime. These species are known ptedfiaqueous phase
atmospheric chemistry (Sullivan et al., 2018} the OA species measured many were found to
be at or less than 1egm? ... Utotal mass. These include propionate, butyrate, MSA,
pyruvate, cis-pinonate, valerate, glyoxalate, maleate, and phtkal Figur&3 shows the
seasonal trends for one of the more abundant species, oxalageto be expected, a larger

peak maximum in the fine mode occurs during the summer sampénggs when
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photochemistry is more active and oxalic acid production showtrease. Greater oxalate
concentrations in the summertime may also reflect seasonal soutedsas bacterial and
metabolic processes in vegetation and soil that are enhanceaglperiods of increased
agricultural activity, as well as, biomass burning. Thehegh variability in the coarse mode
range for oxalate that is likely an artifact caused by the preation of data below the

detection limit. There is little strong evidence here of amngicant coarse mode oxalate.
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Figure23. Seasonal trends for oxalate are shown above. The suntimer saw greater concentrations of oxalate compared

to winter. Coarse mode variability is likely an artifaof the code caused by the MDL.

Figure24 and Figure@5 show the seasonal trends for nitrate and sulfate. As dssmlis

earlier, coarse mode nitrate and sulfate are greater in the summeréinteare likely correlated
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with calcium and magnesium (see Figi®. During the summer there is almost no fine mode
nitrate on several days. A lack of fine mode nitrate is condistéh warmer temperatures
pushing the ammonia-nitric acid-ammonium nitrate gas-particle ldguim towards the gas
phase. Two samples in the summer (8/17/2019 and 8/21/20t8)vdncreased particulate
nitrate that is likely an effect of higher humidity duringetie periods. Higher RH values
increase the equilibrium constant for ammonium nitrate formation.

Sulfate was observed to have similar concentrations between thevser and winter
sampling periods. When day-time humidity was increased, aghveasase during the 8/17/18

and 8/21/18 samples, there was greater evidence of sulfate iroplet mode at approximately
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Figure24. A seasonal comparison for the size distribution ofratie is shown above. Similar to ammonium, the greatest

concentrations in fine mode occurred during the wintand the peak maximums were associated with larger pelgisizes
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Figure25. Seasonal trends for sulfate are shown above. Similaraanrations for both summer and winter suggest a

common source year-round.

3.6 lonic charge balance

To assess the ionic balance for the samples collected in theClebims region, the OA
and inorganic anions were summed and compared to the sumechthines and inorganic
cations. Plots were generated to reflect the anion/cation ratiastifi®e summer and winter
MOUDI sampling periods. While there may still be other iaismeasured here that could
further affect the anion/cation balance, comparison of the magrs measured is still useful
In the summertime, there was a shift between anion deficit atsiarger than 1... u dation

(] 18 8 <]l « eu oo CEigare26a $hows tke ionic balance for the 8/24/18 MOUDI

sample, exemplifying this charge balance sHinaller particles have an anion surplus of

56



around 20 % and larger particles have an anion deficit. €heitdmay reflect the presence of
mineral carbonate species not measured here. There was a closeedbalemce across key
size ranges of PM in the wintertime. Fig@@ shows an example of wintertime charge
balances for the 1/25/2019 sample period. The charge balangerysclose to 1.0 throughout
the heart of the submicron aerosol mode that dominates wintegiaerosol mass.
Ammonium and amines summed are found to neutralize sulfate amdteialmost
entirely in the fine mode range for both winter and summer sges An assessment of anion
to cation ratios with ammonia, amines, sulfate, and nitratevglam a/c ratio between 0.8-1.1
for summer and winter sampling. A larger anion surplus in the finéersuring the summer is
likely caused, in part, by increased organic acid conceantratsuch as acetate, formate,
succinate, and malonate in the fine mode during the summer coetbtr the winter. The
anion deficit seen in the coarse mode for summer samples iedaus part, by increased
calcium concentrations and could reflect that the carbonate wasmeasured or simply that

relative concentration errors are bigger where size distributias little mass.
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showed a shift between cation deficits to anion defisiffom small to large particle sizes, respectively.
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4. Conclusions and Recommendations for Future Work:

4.1 TN analysis

While TN analysis alone was not effective at identifying orgaitiggen, amines were
still detected above the MDL by ion chromatography. Organiogén is difficult to quantify
due to its measurement by difference between total reactiveagen and the sum of
measured inorganic nitrogen species concentrations, and dwalé a large MDL for the TOC-
TN instrument. More study is needed to identify what the orgamtrogen detection limit is for
sample analysis using a TORanalyzer for PM analysis. An assessment of error associated
with detection of ammonium, nitrate, and TN shows that, eveouih the inorganic nitrogen
content exceeded the TN found in Greeley, there is podgibiliorganic nitrogen present in the
samples. High concentrations of ammonium and nitrate at Grgedsntially mask the
organic nitrogen that was otherwise expected to be observedniBhylon filter samples
showed some variability and high background relative to tHeected samples. While TN was
observed above the MDL in all samples, organic nitrogen deternpelifference may not
have been above the MDL. Analysis of organic nitrogenen sitmples has proven to be
difficult without proper methods developed for identificati of specific species in the organic
nitrogen group. This work attempted to quantify several different amine speciesthed
formation in fine mode aerosol, as well as, provide a new mefioodhe detection of amines

on filters using ion chromatography methods that are alreasigdufor inorganic species.
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4.2 Spatial distributions

Of the inorganic nitrogen species identified, Greeley shovestiy equal contributions
of nitrate and ammonium to TN. Greeley has close proxititygnportant emission sources
such as the livestock industry and, due to this proxiniis more gas-phase ammonia (Figure
7) compared to the other two sites measured during the saimme tperiod. Nitrate was more
prevalent in the form of PM at all three sites compared to daesytidue to an abundance of
ammonia to react with and favorable conditions (lower temperatured higher RH) for
ammonium nitrate particle formation. Eventually, nitrate-contagiPM isdiluted during
transport away from sources and also lost through depasitind/or evaporation. The
decrease in particulate nitrate concentrations across the thresssiupports this conclusion.
While ammonia is initially observed in the gas-phase agacultural sources, a shift to
particulate ammonium dominance occurs at Fort Collins and RMNieaimd) the importance
of PM in chemical transport to remote locations. Gas-phase amaneas, surprisingly,
unchanging between Fort Collins and RMNP during our measutgmeeind, a pattern not
consistent with longer term observations of this spatiadjent. While there could have been
increased periods of easterly winds bringing ammoniaaicimasses to RMNP, | venture that
the increased ammonia (g) in RMNP could have been transported iicydate forms and then
re-emitted from surfaces after wet or dry deposition occurrececi2ased ammonium
particulate at RMNP compared to Fort Collins and Greeley migbktte#in wash-out and
deposition during transport. More analysis is neededmyither seasons and in more
locations for better spatial resolution of organic nitrogamd TN concentrations to determine

trends in Northern Colorado.
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Generally, spatial distributions for all species analyzedimstudy showed similar
trends of having the greatest concentrations observed in @seand the smallest
concentrations in RMNP. There is some variability to whielsisp had similar Greeley/Fort
Collins concentrations or similar Fort Collins/RMNP conaéptrs. Greeley and Fort Collins
have some similar sources that could yield similar concewtnatfor particular species. Sulfate
concentration showed little difference between RMNP and Foltift3p suggesting a localized
source is generating higher concentrations in Greeley, aldmes is also potentially attributed
to other sources of sulfate east of Greeley that could beaiiig concentrations observed at
the Greeley site. For example, a power plant east of GreelesgushBColorado is a known
source of sulfur dioxide, the precursor to sulfate formatidn addition to this power plant
there are many oil and gas developments east of Greeley that coddalattributing to the
elevated sulfate concentrations observed at this site.

In the particle phase at all sites, sulfate is likely newtealiby both ammonium and
amines as size distribution data show similar peak maxima ifitkanode. Nitrate is also
likely neutralized by both ammonium and amines; however, summertiitiee acid appears to
be reacting with suspended soil dust particles leadintheoformation of coarse mode PM.

Unsurprisingly, particulate amines were found to be most eom@ted in Greeley.
Greeley is closest to the most feeding operations (catthenes, poultry, and sheep farms) and
agricultural operations, both of which are known to be sms of amines. Methylamine is
highest in Greeley, but Fort Collins is nearly as highrasley. Especially interesting is the
increased dimethylamine concentration observed in Greeleyebiylamine can be emitted

by chemical manufacturing companies, including the oil andrgasstry and leather

61



manufacturing. Likely, there are elevated dimethylamine concentratioi@reeley attributed

to the proximity of these industries relative to the samglilocation. Iso-butylamine was
observed at nearly the same concentration in both Greeley andCailins. Dairy farms are a
large source of iso-butylamine emissions (Ge et al., 2011)reerd ire dairy farms surrounding
both site locations. Allylamine shows elevated concentrationGreeley but not much is
known about allylamine sources. Typically, allylamine is aseah industrial solvent (Soucy,
2014). The quantification of industrial sources that abgamine is not assessed in this work.
However, examining industries that use allylamine and othenamin industrial processes
would help to further explain the spatial trends that are seeihis work. Dipropylamine is
also emitted from industrial sources, in addition to beingrid naturally in tobacco leaves, but
direct emissions from different industries have not been gtddn depth yet. Amylamine was
unique in its spatial trends as it had significantly bigtoncentrations in Fort Collins compared
to the other site locations. Amylamine has a strong emissitinence from the beer and wine
industry, which is prevalent in Fort Collins.

RMNP is often thought of as a remote location with few souresrby; therefore,
overall, it is expected for RMNP to have lower concentratiomaast air pollutants. Fort
Collins and Greeley both have similar local sources thdtldmuattributed to the trends seen
in this study. Differences in particular industrial sedources are likely the cause of
differences in observed amine concentrations and further stimdly the types of industries and

their emissions at each location is needed to better undardtamine spatial trends.
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4.3 Seasonal size distributions

While a bimodal mass distribution is typically observedaimbient PM, there is
evidence here that several species had a seasonally dependent trisisttébution evidenced
with a third mode in theso- 0 o droplet mode_range. Past work with cascade impactors in
California during the Southern California Air Quality StudpQ@S) has supported the findings
of trimodal ammonium and sulfate distributions (John et al.,Q)99The data presented here
are consistent with trimodal distributions that were obsed for most summer samples for
these species along with oxalate (Figtifi@, Figurellc, and Figurd?2); although, ammonium
had nearly insignificant coarse mode peaks. Summer and veuali@te show indications of a
droplet mode around 1-1.5 um with smaller droplet mode cortcations during the winter.
Sulfate is known to be highly efficient at forming this dedpnode through aqueous chemistry
in clouds and fogs and could explain why droplet mode destified in the winter despite
periods of lower relative humidity. A lack of coarse mode sallifathe winter suggests few
reactions between sulfur dioxide or sulfuric acid andpgunsled soil particles during this
season.Coarse mode sulfate observed during the sumiadikely the result of increased soil
dust, allowing for sulfur dioxide oxidation or sulfudcid condensation on larger pre-existing
aerosol as evidenced by overlap of sulfate peaks with calcidmegnesium peaksigurel?).

Possible reasons for what initially appeared to be excesscpéate nitrate, relative to
available ammonium, in the MOUDI samples for winter could be itritons of other
unknown cation species in neutralization of excess sulfatenaémnate (Lee et al., 2008). |
surmise that the cation species, in addition to ammonium, neededéutralization of the

excess nitrate and sulfate are likely the amines observed irsthdyy. Many gas-phase amines
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are stronger bases than ammonia and can compete in reactionsrordrate and sulfate salts
(Murphy et al., 2007). Further assessment of ionic charge balahoggesd that ammonium and
amines nearly neutralize nitrate and sulfate in the fine mode randje anion to cation ratios
between 0.8 and 1.1 for fine particles during both summed aunter seasons.

Coarse mode nitrate has been observed to come from reactiongraf acid with sea
salt or soil dust (Lee et al., 2008). Depending on the regfistudy, more or less coarse mode
nitrate is associated with soil dust reactions. In thagky coarse mode nitrate and sulfate was
found to be correlated with calcium and magnesiurig(rel8), consistent with reaction of
nitric acid or its precursors with suspended soil particldgere is reduced dust emitted from
agricultural activity and other sources during the winter riienand therefore, fewer reactions
occur on coarse mode aerosol. Nitrate, sulfate, calciumnaagihesium show coarse mode
peak maxima A v d v A ..u Jusd Ee* (JE 00 cpuu E *vi%d 3 X
is commonly found in rural locations, the coarse nitratenfinere is likely attributed to
reactions with soil dust. As amines were not observed éncibarse mode size range, nitrate
and sulfate in this size range are not attributed to amines.

Some amines exhibited higher concentrations in the summer, but stasved higher
concentrations in the winter. Trimethylamine and dimethylamio¢h showed elevated
summer concentrations compared to the winter, suggesting anigfffor the particle phase
despite their high volatility. Methylamine showed simit@ncentrations in both summer and
winter. Most other amines were found to be more concentratedPM during the winter,

similar to ammonium. Gas-phase amines were not assessed in tHisawdrthe gas-particle

portioning of amines cannot be confirmed here; however, becausaaragriculture is a
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dominant source of many amines, there are likely significantentration of gas-phase amine
emissions during warmer summer conditions. While agricelisira dominant source of
ammonium and amines, other sources of these species are potenigtificant, as well.
Amine sources include a wide range of industrial processesexaonple, amylamine was
produced in tons during the 70s and is used in textideégmical manufacturing, pharmaceutical
processes, beer and wine production and other similar itrtkss (Daniel et al., 2015; Thomas,
1990). SucHv p*3E] » }v[s Z A e e}Jvo % VvV VvV uyv @ okl oC pe]v
round.

Incorporations of amines into PM have important implicatiémsremote locations,
such as RMNP, where amines were detected above the MDL during thg spason. Through
incorporation into submicron aerosol particles, amines bariransported over longer
distances to remote locations, affecting the nitrogen loadimgensitive ecosystems. However,
more study into both PM and gas-phase amines is needed duregiinter and summer
season to understand the effect of chemical transport of aminebkthair fates during

transport from sources to remote locations.

44 Amine trends

Amines have importance in forming fine mode PM but not mucimdsvin about the
fates of many amines. Some recent work has investigated more clogdhtion reactions of
amines in the presence of key oxidants such as ozone, niteadss, and the hydroxyl radical

(Malloy et al., 2009; Murphy et al., 2007). Primary, secondamy tertiary amines are known to
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form aminium salts and tertiary amines are especially capable of actipgeasrsors to
secondary organic aerosol (Malloy et al., 2009; Silva et &8)20

Trimethylamine can compete with ammonium for protons in acidiciplas through
direct dissolution and form aminium salts while in the paetishase (Pratt et al., 2009); thus,
despite being observed in small concentrations during thidys amines that have the ability to
compete with ammonium should be considered in understanding awcteenistry and PM
formation. While nitrate and sulfate are significant in reagtwith amines through acid-base
pathways, organic acids are also capable of reacting with amirte®aning aminium salts
(Williams et al., 2010). The organic acids seen in the semmeasges as amines in this work
suggest that these compounds may have an important role in fuyraminium salts that
remain in particle phases despite the high volatility, irdinally and relatively, of both amines
and organic acids.

Failure to measure amine concentrations is one source of appagditn deficiencies
when considering aerosol charge balance. When amines measutied study were summed
with ammonia and compared to the equivalent sum of nitrate anébase, the result is a nearly
neutral particle no matter the size in the winter and summerisTharge balance should also
consider other trace species, such as organic acids. While aedketa$essment into organic
acid sources and seasonal dependence is not addressed here, fadearganic acids were
found to be more concentrated in the summer compared to thater, likely due to increased
summertime photochemical production, and helped correct an appacation deficit in the

fine particle mode during the summer.
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Amines can react with organic acids and change PM compos#tinimes, like ammonia,
are volatile and have an affinity for the gas-phase in warmer tempegatu©rganic acids are
also volatile compounds, but their reactions with amines saoure them in the particles
phases for extended periods due to decreased volatility (Bargasai., 2009). While previous
work has not extensively investigated amines and their po&iidir reaction with organic acids
there has been some work on the effect of ammonium sulfate analésin increasing organic
acid partitioning to aqueous aerosol (Yli-Juuti et al., 20f&mines are reacting with sulfate in
a similar way as ammonium, then amines could also be enhancingdfeaged organic acid

concentrations in fine mode PM observed in this study.
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Appendix A:

Many species were analyzed but were not discussed in this. widtk figures in this
section summarize the data collected for all of the species analyménigsthe MOUDI sampling
campaign in Fort Collins during August 2018 and Janua®: 201 following sections list
seasonal trends of amines, organic acids, and other inorgamsc iThe figures represent the
Twomey inversion corrected data. In some samples, the species wedetected above the
MDL and the code interpreted the raw data as a relatively strdightzontal line. When this
happened the relevant specie was determined to be undetectable byhmnaatography
methods. Only two amines, dipropylamine and 1,4 diaminobutane, were hseoved in any

samples collected from the MOUDI in August 2018 or January. 2019
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Amines:
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Figure AlSeasonal trends of ethanolamine are shown above. Only sample collected on 8/28/2018 during the summer
detected ethanolamine in the fine mode. Winter sampl@gere observed to have trace amounts of ethanolamine indi
mode.

] Winter 2019

0.04 -

= ]
= ]
? 0034
e ]
= ]
0] ]
B ]
) ]
[ 4
‘e 002
o) ]
o 4
c a
m -
= ]
) ]
8 001
0.00

Diameter (um)

Figure A2Diethanolamine was not observed in any summer samples Wwas observed in small amounts for almost all
winter samples.
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Figure A3Seasonal trends for allylamine show an interesting caapeak in the sample collected on 8/17/2019. Becaus
this was not replicable in other samples it is ndear if this was a contamination or truly evidence obarse allylamine.

However, it is possible as this period experienced hidgy-time relative humidity.
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Figure A4. Seasonal trends for propylamine are shownahoA small amount of propylamine was observed in fine mode
during the winter and in one sample collected duriige summer likely due to the high RH in that sampling fuet.

79



0.06 % Summer 2018

—— 87
L —— 821
—— 8/24
G 828
o 8131

0.03

0.02

0.01

0.00 +
0.030

Winter 2019|

0.025

0.020

0.015

Tert-Butylamine (neq m - pum’')

Diameter (um)

Figure A5. Seasonal trends for tert-butylamine are shoalove.
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Figure A6. Diethylamine size distributions were interggj during the summer season because a possible cane®de was
detected slightly above MDL for at least one sample caiéet8/21/2018. Winter concentrations were generally
undetectable.
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Figure A7. Sec-butylamine seasonal size distributiors stiown above.
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Figure A8. Butylamine was not detected in any wintemsples and was only detected in trace amounts duringohsummer
sampling periods were day-time RH was relatively high.
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Figure A9. Triethylamine was also not detected in aninter time samples collected in this work. Only themple collected
on 8/21/2018 showed evidence of triethylamine in the #&nmode.
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Figure AQ. Acetate size distributions are shown above. Greatansner time concentrations were observed in the fine
mode compared to winter.
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Figure A1 Gluterate seasonal size distributions are shownoab.
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Figure A2. Following trends of other organic acids, greatercginate concentrations were observed in the summesasen.
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Figure A3. Winter malonate size distributions were interest§ as can be seen in the bottom of the figure above.efiéh
appears to be evidence of fine and coarse modes and epetentially a droplet mode during the winter seasorMore
sampling during the winter is needed to determine thalidity of the results shown here.
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Figure A4. While most organic acids were observed in greater centrations in the summer, size distributions of malea
show that detection was only possible in the winterThe erratic peaks in the droplet and coarse moaes values below the
MDL and cannot be ascertained as having the trend theg displaying.
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Figure A5. Propinate shows evidence of a droplet mode as wadla fine mode. The sharpness of the droplet mode lpea
8/21/2018 is likely an overestimation made by the Twwey algorithm rather than a real-life droplet mode peak.
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Figure A 6. Formate size distributions are shown above. Formatasionly detected in samples collected in the summer.
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Figure A7. Similar to other organic acids, butyrate was only @pged in the summer. There appears to be evidence of a
large droplet mode during the two samples collected wieay-time RH was relatively high.

Figure A 8. Methanesulfonate size distributions for summer andntér seasons are shown above.
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Figure A9. Pyruvate was only slightly above the MDL during the teinseason, causing distributions to be uncertain,
particularly in the coarse size range.

Figure &0. Cis-pinonate showed evidence of a droplet mode dgrithe sampling period of 8/17/2018 and possibly during
8/21/2018 period when RH was high.
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Figure R1. Valerate was observed only in the summer and was nohsistently observed during each summer sampling
period. Concentrations were observed to be very low lbere is possibility of a droplet evidenced when RH sveelatively
high.

Figure R2. Glyoxalate size distributions were interesting for thoseasons. Because the concentrations were lowisihot
certain if the trends shown here are an effect of ovestémation and underestimation by the Twomey algorithm.
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Inorganic ions:

Figure £3. Sodium was dominantly observed in the coarse mode duriihg summer and was found in both the coarse and
fine mode during the winter.

Figure R4. Potassium size distributions indicate its importam@ the fine mode for both winter and summer seasons.
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Figure A&5. Chloride was found to dominate the coarse mode for tixénter and summer but was generally only detected in
the winter with only one sampling period in the summéndicating the presence of chloride in coarse mode.

Figure A&6. Nitrite did not have a consistent distribution forray sample collected in either the summer or winter. mer
research regarding nitrite and its' chemistry is neatléo determine the trends seen by the figure above.
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Appendix B:

The Twomey algorithm was adopted from previously written Fortratle as was
explained in the main text above. The code encompasses many comthanéxplain what
each elementis. The first two pages of the code are comnthatglictate the original creator
of the code as well as an explanation of what the output Blesnamed along with their
contents. The code is too long to be copied here as original textydver, Evelyn Bangs can be
contacted for the text file of the code at ejb.bangs@beyondbimnc

Additional files are included here that host necessary inforamato be used in the
code. The first file includes the parameters that can be aefufor the relevant cascade
impactor being used such as the stopping criteriave smoothing parameters, et&ach

number in this TI.PAR file indicates the parameter used for controHmgurve fit. An example of the
TI.PAR file is copied below. The different values here are explained imtineecds found in the

beginning several pages of the Fortran code file.

Example TI.PAR file.

xexp : 0.3
xlim : 0.01
xend : 0.05
sigstp : 1.05
it : 10

isl : 8
ismooth : O
ifs : 2
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chent : 100

zero . 10.0
txtflg : 1
debug : 1

The next important file, IMPACT.PAR, contains parameters thatildesbe collection
efficiencies for each stage of the relevant impactor. The fornvatthis file is considered to be
Z(E [ v Z dpaogied py a space. The first column of this file contdias50
cutpoints, the second column contains the steepness parameggid the third column
contains the skewness parameters for each impactor stage. Thesvaere are generally
taken from the calibration data provided by the manufacturehe Tode can be adjusted to
reflect the number of stages depending on the type of impactor usealchange the number
of stages, the variable 'stgcnt’ in the code must be changedftect the proper number of
stages/calibration data provided in the IMPACT.PAR Aifeexample of the IMPACT.PAR file is

given as follows.

Example IMPACT.PAR file.

D50 Steepness Skewness

0.018 3.000 0.000
0.037 3.000 0.000
0.094 4.000 0.000
0.175 4.000 0.000
0.290 5.000 0.000
0.560 6.000 0.000
1.000 9.500 0.000
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1.800 9.500 0.000
3.200 10.00 0.000
5600 5.500 0.000
10.000 4.000 0.000
30.000 3.000 0.000

Lastly, a file containing the initial guess mass fcn stage, is labeled as twomey.txt. The
input data for this file is generally the raw data that wadeszribd for each sample. This file can
have up to five samples with three rows in each recorde first row contains three records:
first the site name, then the sample date, and last, the species natie format (al2, 1s, i6,
t32, al2). Only the species name is included in the STGtduguThe first row of numbers
consists of the concentration in order of the largesiggtdo the smallest stage with each
number separated by a space. The second row of numbers confkikes @ncentration
uncertainties. Values of zero are entered for unused stages and any numbegrofisant

figures and decimal places can be specified. A sample concentr&igghown below:

Sample Twomey.txt file.

NITRATE
0.0 00 0.0 00 00 0O 0.0 0.0

CSU 011519
0.0 0.0 0.0

0.0
Csu
0.0
0.0
Csu
0.0
0.0
Csu

0.0 0.0
011519
0.0 0.0
0.0 0.0
011519
0.0 0.0
0.0 0.0
011519

0.0 0.0 0.0 0.0 0.0 0O 0.0 0.0
SULFATE
0.0 0.0 21 116 150 ®a 0.0 0.0
0.0 00 0.1 05 0.7 02 0.0 0.0
oC
0.0 00 03 15 19 06 0.0 0.0
0.0 00 0.1 0.2 0.2 ©Q 0.0 0.0
EC
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0.0 0.0 0.0 0.0 0.0 0.03 0.21 0. 0O 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.01 0.06 0.2 0.0 0.0 0.0
CSU 011519 FPM

0.0 0.0 0.0 0.0 0.0 3.2 17.8 23.0 G 0.0 0.0

00 0.0 00 0.0 00 0.1 0.8 1.1 0B 0.0 0.0

This code can also be modified and used to determine other aspept®perties from
particle distributions that was not considered in thistw@and a more extensive manual can be

consulted. Contact Evelyn Bangs at ejb.bangs@beyondbbaroaedess to this file.
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