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Abstract

The impact of ammonia (NH3) emissions from animal agriculture on the secondary forma-
tion of inorganic fine particulate matter (i.e., iPM; 5) has become of great public concern.
The formation of iPM; 5 from NHj3 is known as the gas—particle partitioning of gaseous NH3
and aerosol ammonium (NH4"), which is assumed to be in a thermodynamic equilibrium.
This research aimed to gain an in-depth understanding of the impact of ambient NH; on
secondary iPMj 5 by analyzing the PM; 5 mass closure, atmospheric chemical conditions,
and the gas particle partitioning of NH3-NH;* in the near field of a poultry production
unit in North Carolina. Samples of precursor gases (i.e., NH3, SO, NOy) to iPM; 5 and
PM,; 5 were taken on this poultry production unit at four sampling stations in four wind
directions through summer, autumn and winter seasons to determine gas concentrations
and PM; 5 chemical compositions. It was discovered that this rural site contained low
ambient concentrations of iPM, 5 precursor gases, and PM; 5 composition was dominated
by organic carbon (OC) (80% to 94%) while iPMj; 5 fraction was insignificant (0% to 2%).
Low availability of HySO4 and HNOj3 gases (from SO, and NO, conversions) limited NH3
neutralization potential and iPM; 5 formation; moreover, high OC fraction may inhibit
NH,* formation. With the field measurements of ambient temperature, humidity, precursor
gases and PMj; 5 chemical speciation data, the ISORROPIA-II thermodynamic equilibrium
model was used to conduct the sensitivity analysis, and we found that iPM, 5 was the most
sensitive to increasing total HNOj3 (gas + aerosol) at low temperatures. The formation
potential of iPM, 5 at this rural site was at its highest during the wintertime when SO, was
extremely low.

Keywords: ammonia; inorganic PM; 5; precursor gas; thermodynamic equilibrium modeling

1. Introduction

Ammonia (NHj3) is a key component of the global nitrogen cycle and a dominant
alkaline precursor in the atmosphere [1]. In the United States, agriculture is the largest
source of NH3 emissions, primarily from livestock and poultry production and fertilizer
application [2-7]. Once emitted, NHj contributes to a range of environmental and public-
health concerns through deposition to terrestrial and aquatic ecosystems [8-10] and through
its role in the secondary formation of fine particulate matter (PMjy5) [11-18]. Secondary
inorganic PMj 5 (iPM3 5), composed mainly of ammonium sulfate and ammonium nitrate,
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is associated with adverse cardiovascular and respiratory outcomes [19-21] and reduced
atmospheric visibility, making it a regulated air pollutant of significant concern.

The formation of iPM; 5 is governed by gas—particle partitioning between gaseous
NHj and acidic species such as sulfuric and nitric acids [22]. This partitioning is commonly
assumed to occur under thermodynamic equilibrium and is strongly influenced by the
relative availability of precursor gases (NHs, SO,, and NOy), meteorological conditions,
and aerosol chemical composition [22-25]. In regions with abundant SO, and NOy emis-
sions, reductions in NH3 have been shown to be an effective strategy for lowering iPM; 5
concentrations [12,15]. However, the relevance of this paradigm to rural agricultural envi-
ronments, where NH3 concentrations may be high but acidic precursor gases are limited,
remains uncertain [13,14,16].

Animal feeding operations (AFOs), particularly poultry facilities, represent localized
NH3 “hotspots” in predominantly rural settings [4,7]. While NHj3 emissions from AFOs
are well documented [1,4], their downwind impacts on iPM; 5 formation are less well
understood. High NHj availability alone does not guarantee substantial iPM; 5 production;
rather, the formation potential depends on atmospheric chemical conditions, including the
balance between total ammonia, sulfate, and nitrate, as well as temperature and relative
humidity [11,14]. Emerging evidence suggests that in NH3-rich but acid-limited environ-
ments, secondary iPM, 5 formation may be constrained, and organic aerosol fractions may
further inhibit ammonium formation [26-28]. These interactions introduce uncertainty into
assessments of agricultural NHj contributions to regional PM; 5 burdens.

Thermodynamic equilibrium models, such as ISORROPIA-II, are widely used to
evaluate gas—particle partitioning and predict inorganic aerosol composition under varying
atmospheric conditions [27]. Although these models have been extensively applied in urban
and regional studies, fewer investigations have combined detailed field measurements with
thermodynamic modeling in the near-field of AFOs [16-18]. Moreover, model performance
and inferred sensitivities may differ substantially in rural settings characterized by low
SO, and NOy concentrations and seasonally varying meteorology [13,16,28,29].

To address the aforementioned knowledge gaps, this study investigates the formation
potential of secondary iPMj 5 in the vicinity of a poultry production facility in North Car-
olina. Using multi-season field measurements of PM; 5 chemical composition, precursor
gases (NH3, SOy, and NO,), and meteorological conditions, this work evaluates atmo-
spheric chemical conditions relevant to NH3 neutralization and iPM; 5 formation. Thermo-
dynamic equilibrium modeling with ISORROPIA-II is further employed to assess the sensi-
tivity of iPM; 5 formation to changes in precursor availability and environmental condition.

The overarching objective of this research is to improve understanding of how elevated
ambient NH3 concentrations from AFOs influence secondary inorganic PM, 5 formation
under rural, acid-limited conditions. Specifically, the study aims to (i) characterize spatial
and seasonal variations in precursor gases and PM; 5 composition near a poultry facil-
ity, (ii) assess atmospheric chemical conditions governing NHj neutralization potential,
and (iii) evaluate the sensitivity of iPM; 5 formation to NHj3 and nitrate availability using
thermodynamic modeling. The findings provide science-based insights into the role of agri-
cultural NHj3 emissions in PM; 5 formation and inform air-quality management strategies
in rural environments influenced by intensive animal production.

2. Materials and Methods
2.1. Research Site and Air Sampling Methods

This study was conducted at the Poultry Unit of the North Carolina Department
of Agriculture (NCDA) Piedmont Research Station in Salisbury, North Carolina, a rural
agricultural setting representative of animal feeding operations (AFOs) in the southeastern
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United States. The facility consists of multiple mechanically ventilated poultry houses, a
free-range pasture, and a manure storage area (Figure 1), all of which serve as potential
sources of ammonia (NHj3) emissions. Surrounding land use is dominated by row crops
managed under a no-till system, with no nearby major industrial emission sources. During
the study period, poultry houses and manure storage were the primary NH3 emission
sources, while contributions of acidic precursor gases were expected to be low due to the

rural location.
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Figure 1. Research site layout and ambient air sampling locations.

Ambient air monitoring was conducted at four fixed sampling stations strategically
positioned around the poultry facility to capture upwind and downwind conditions under
varying wind directions (Stations 1, 3, 5 and 6 in Figure 1). The station layout ensured that
at least one site was downwind of emission sources at any given time. All four stations were
equipped with collocated PM; 5 chemical speciation samplers and passive gas samplers to
support PM; 5 chemical speciation and gas sampling only.

Fine PM (PM, 5) chemical composition was measured using Partisol Model 2300 chem-
ical speciation samplers (Thermo Fisher Scientific, Franklin, MA, USA) operated ona 24 h
sampling cycle (Figure 2). The samplers employed multiple parallel channels to collect
PM, 5 mass, inorganic ions, elemental species, and carbon fractions. Teflon filters were
used for PM; 5 mass and elemental analysis, nylon filters for ionic species (including NH,*,
NO;~, and SO;2), and quartz filters for organic and elemental carbon. To prevent positive
sampling artifacts, honeycomb denuders coated with citric acid were installed upstream of
nylon filters to remove gaseous NHj prior to particle collection.

Precursor gases (NH3, SO,, and NO;) were measured using Ogawa passive samplers
(Ogawa & Co., USA Inc., Pompano Beach, FL, USA) co-located at each monitoring sta-
tion (Figure 2). At each sampling event, passive samplers were deployed for multi-day
periods (6-14 days) to achieve sufficient sensitivity under low ambient concentrations
typical of rural environments. Gas-phase NH3 measured by passive samplers was used for
concentration assessment.
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Passive Samplers

Figure 2. Illustration of PM; 5 speciation samplers (left), co-located samplers (middle), Ogawa
passive samplers with replicates (right).

Sampling was conducted from July to December 2022, covering summer (July-August,
n =10), autumn (October, n = 3), and winter (November—December, 1 = 7) seasons to capture
a wide range of meteorological and atmospheric chemical conditions. All samples were
prepared, handled, and stored following established protocols to minimize contamination
and ensure data quality. PM; filters and gas samples were subsequently analyzed for
chemical composition and precursor gas concentrations using standardized laboratory
methods. More details were reported by Stratton [30].

2.2. Meterological Data Collection

Meteorological data were obtained from a nearby automated weather station located
approximately 1.6 km from the research site [31]. Hourly measurements of ambient tem-
perature, relative humidity (RH), wind speed, and wind direction were retrieved for the
duration of each PM; 5 sampling event. For consistency with 24 h integrated air sampling,
meteorological variables were averaged over the corresponding sampling periods.

The study period spanned summer, autumn, and winter seasons, encompassing a
broad range of atmospheric conditions relevant to gas—particle partitioning and secondary
inorganic PM; 5 formation. Prevailing wind direction varied by season, influencing the
relative upwind and downwind positioning of monitoring stations. Mean wind speeds
during sampling events ranged from approximately 0.5 to 1.7 m s, reflecting generally
low-wind conditions typical of the rural study area.

Meteorological parameters were used to interpret spatial and temporal variability
in precursor gas concentrations, PM; 5 composition, and atmospheric chemical condi-
tions, and served as key inputs for thermodynamic equilibrium modeling of inorganic
aerosol formation.

2.3. Chemical Analyses and Concentration Determination

Chemical analyses of PM; 5 chemical speciation samples included gravimetric mass,
inorganic ions, elemental species, and carbon fractions. PM; 5 mass and elemental com-
position were determined from Teflon filters. Filters were conditioned under controlled
temperature and RH conditions prior to pre- and post-sampling weighing using a mi-
crobalance with a sensitivity of =1 pg [32]. Elemental concentrations were quantified by
energy-dispersive X-ray fluorescence (EDXRF) spectrometry, following standard protocols
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used by the U.S. EPA PM, 5 Chemical Speciation Network [33]. PM; 5 mass concentrations
and elemental concentrations were determined by Equations (1) and (2), respectively:

my —m
Crmes = ﬁ )

where Cpypo 5 is the ambient PM; 5 mass concentration (ug m~—3); m; and m, are the pre-
sampling and post-sampling filter masses (ug), respectively; Q is the volumetric sampling
flow rate (16.7 Lmin~! = 0.96 m3h~'); and t is the sampling duration (h).

me
C, =
¢ QTXi'

(2)

where C, is the mass concentration of individual elements (ugm—3); m, is mass of individ-
ual elements on the filter (ug); Qr is the air sampling flow rate through Teflon filter cartridge
(16.7 Lmin~! = 0.96 m3 h~1); t is the sampling duration (24 h) of each sampling event.

Inorganic ionic species (NH;*, NO3 ™, SO;72, C17, Na*, and K*) were measured
from nylon filters. Filters were extracted in deionized water using ultrasonic agitation,
and the extracts were analyzed by ion chromatography (IC) [33]. The measured aqueous
concentrations were converted to ambient air concentrations using the known extraction
volume, sampling flow rate, and sampling duration (Equations (3) and (4)). Gas-phase
ammonia collected by citric-acid-coated honeycomb denuders was similarly extracted in
deionized water and analyzed by IC to determine NH3 concentrations in air.

m; = Cl xV (3)

P QN X t

where m; is the mass of individual ionic species (NH4*, Na*, and K*, NO;~, SO, 72, Cl7)
(ng), C; mass concentration (ugm’3) of ionic species in DI water measured by IC; V is the

(4)

volume (m?) of DI water in extraction vials; C; is the concentrations of individual ionic
species (NH*, Na*, and K*, NO3~, SO, =2, C17) (ug/m~3); Qy is the air sampling flow
rate through nylon filter cartridge (10 Lmin~! = 0.6 m3 h™1); t is the sampling duration
(24 h) of each sampling event.

Organic carbon (OC) and elemental carbon (EC) were quantified from quartz filters us-
ing a thermal-optical aerosol analyzer (Sunset Laboratory Inc., Tigard, OR, USA) following
the U.S. EPA PM, 5 Chemical Speciation Network protocol [33]. Subsamples were analyzed,
and reported area-based carbon loadings were converted to ambient concentrations using
the effective filter collection area and total sampled air volume (Equations (5) and (6)).

m=DxA (5)
m
C:Qth (6)

where m is the OC or EC mass loading (ug); D is the sample area density on the filter
punch, i.e., the sub-sample (ugecm2); A is the area of the quartz filter (17.35 cm?); C. is
the mass concentration of OC or EC (ugm~3); Qq is the air sampling flow rate through
quartz filter cartridge (16.7 Lmin~! = 0.96 m® h—1); t is the sampling duration (24 h) of each
sampling event.

Precursor gases (NHs, SO;, and NO5) collected by Ogawa passive samplers were ana-
lyzed by IC after aqueous extraction of the collection pads. Measured mass loadings were
converted to time-averaged ambient gas concentrations based on sampler-specific diffusion
coefficients, exposure duration, and effective sampling geometry (Equations (7) and (8)).
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Field blanks were processed alongside samples, and blank-corrected values were used for
all reported concentrations.

m
Cp (ppb) = ag x =% )
P
-3\ _ 3
Cp(ugm )—R*TxpmeMleo (8)

where C;, is the concentrations of the precursor gases (NHz, NO,, SO,) (ppb); a5 is a gas-
specific ppb concentration conversion coefficient (ppb—min/ng) for by RTI International
for Ogawa passive samplers, Its value depends on the target gas (NH3, NO,, or SO;) and
accounts for sampler geometry and diffusion characteristics; m, is the mass loading on
the pad (ng); t is passive sampling time (min); P is the atmospheric pressure (1 atm); R
is the universal gas constant (0.082 L atm mol~! K1); T the average temperature of the
sampling event (K); MW is the molecular weight of the gas of interest, and ppm is the
volume concentration of the precursor gas of interest (1 ppm = 1000 ppb).

Ambient PM; 5 chemical species concentrations and precursor gas concentrations
derived from these analyses were subsequently used to evaluate atmospheric chemi-
cal conditions, PM; 5 mass closure, and gas—particle partitioning behavior. These con-
centration data also served as inputs for thermodynamic equilibrium modeling to as-
sess the sensitivity of secondary inorganic PM; 5 formation to precursor availability and
meteorological conditions.

2.4. Atmospheric Chemical Conditions and PM, 5 Mass Closure Analysis

Atmospheric chemical conditions governing secondary iPM; 5 formation were evalu-
ated using a set of established molar ratios and indicators that describe NH3 neutralization
potential and aerosol acidity (Equations (9)—(14)) [22]. These metrics were calculated from
measured concentrations of precursor gases and PM, 5 inorganic ions, including total am-
monia (NH3 + NHy*), total sulfate, and total nitrate. Collectively, the indicators characterize
whether ambient conditions were NH3-limited or acid-limited and assess the sensitivity of
iPMj, 5 formation to changes in precursor availability. Seasonal and spatial variations in
these chemical condition metrics were analyzed to elucidate the influence of meteorology
and source proximity on gas—particle partitioning behavior.

_[1A]—2[19]
GR = N )
AdjGR = W (10)
PNR = [NHy | (11)

2|80;7%| + [NO3 |
TA/TS = ([NHZH + [NH3]) (12)

5057
_ [NH;]

NHs /N = Q5] + (N1 ] -
AN/PMys — ([NH ] + [NO5 ]) (14)

[PM, 5]

where GR is the gas ratio; [TA] is the total ammonia concentration (umolm3), the sum of
[NH;] and [NH,*]; [TS] is the total sulfate concentration (umolm—3), the sum of [SO4 2],
[HSO, ], and [H,SO,]; [TN] is the total nitrate concentration (umolm~2), the sum of
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[NO3;~] and [HNOs]; AdjGR is an adjusted GR used examine iPMj 5 sensitivity to NH3
concentration in winter; PNR is the particle neutralization ratio; TA /TS is the mole ratio
of total ammonia (NH3 + NHy* particulate) to particulate sulfate ratio; NH3 /NHy is the
gas-phase ammonia molar fraction ratio; AN/PMjy 5 is the fraction of ammonia sensitive
iPM; 5 (AN) to total PM; 5.

PMj, 5 mass closure analysis was conducted to quantify the relative contributions of
major chemical components to measured PM; 5 mass and to evaluate the completeness
of chemical speciation. Reconstructed PM; 5 mass was calculated as the sum of major
measured species, including organic carbon (OC), elemental carbon (EC), inorganic ions
(NH4*, NO3;—, SO4%7), elemental species. The reconstructed PM, 5 mass was compared
with gravimetrically measured PM; 5 mass to assess closure performance. Agreement be-
tween measured and reconstructed mass was used as a quality check on chemical analyses
and to identify dominant PM, 5 components under varying atmospheric conditions. The
mass closure results also provided insight into the relative importance of secondary inor-
ganic versus organic fractions, informing interpretation of NH;3-driven iPM, 5 formation
potential in this rural, agricultural environment.

The combined evaluation of atmospheric chemical conditions and PM, 5 mass closure
forms the basis for subsequent thermodynamic equilibrium modeling and sensitivity anal-
yses, linking observed chemical composition to mechanistic understanding of secondary
aerosol formation.

2.5. ISOROPPIA-II Modleing

Thermodynamic equilibrium modeling was performed using the ISORROPIA-II model
to examine gas—particle partitioning of inorganic aerosol species and to assess the sensitivity
of secondary inorganic PM; 5 formation to precursor availability and meteorological condi-
tions [24]. ISORROPIA-II simulates multiphase equilibrium among major inorganic aerosol
components (NH;*, NO; ™, SO, 2, and associated cations) as a function of temperature,
RH, and total (gas + particle) species concentrations.

The model was applied in forward mode, using measured ambient temperature and
RH, along with observed total ammonia (NH; + NH;"), total nitrate (HNO; + NO3 ™), and
particulate sulfate concentrations as inputs. Model outputs included predicted aerosol-
phase concentrations, gas-phase partitioning, aerosol liquid water content, and hydrogen
ion concentration. Sulfate was assumed to reside entirely in the particle phase due to the
negligible vapor pressure of sulfuric acid.

Both stable and metastable thermodynamic states were evaluated, depending on
ambient temperature and RH conditions, to account for potential phase-state variability of
inorganic aerosols. Model performance was assessed through comparison of predicted and
measured aerosol species concentrations.

In addition, sensitivity analyses were conducted by systematically varying total ammo-
nia and total nitrate concentrations under representative temperature and relative humidity
scenarios to quantify their influence on secondary inorganic PM; 5 formation. The modeling
results were used to interpret observed chemical conditions and to evaluate the extent
to which NHj3 availability constrained secondary aerosol formation in the near-field of a
poultry production facility.

2.6. Statistical Analysis

Statistical analyses were conducted to evaluate spatial and seasonal variations in
precursor gas concentrations, PM; 5 chemical composition, and atmospheric chemical
condition metrics. Descriptive statistics, including mean and standard deviation, were
calculated for all measured and derived variables. Data were grouped by season and
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monitoring station to assess temporal and spatial patterns associated with meteorological
variability and source proximity.

Comparisons among seasons and sampling locations were performed using appropri-
ate statistical tests based on data distribution and sample size. Correlation analyses were
applied to examine relationships between precursor gases, PM; 5 components, and chemi-
cal condition indicators relevant to secondary inorganic aerosol formation. All statistical
analyses were conducted using R programming software (version 4.2.2), and results were
interpreted at a significance level of p < 0.05.

3. Results and Discussion
3.1. Atmospheric NH3, NO, and SO, Concentrations

Ammonia concentrations measured by the honeycomb denuders of the PM; 5 specia-
tion samplers, along with NO, and SO, concentrations measured by the Ogawa passive
samplers, are summarized in Table 1. Key meteorological parameters, including ambient
temperature, relative humidity, and wind speed, are reported in detail by Stratton [30].

Table 1. Mean =+ SD of NHj concentration measured by Denuders of PM; 5 speciation samplers and
NO, and SO, concentrations measured by Ogawa passive samplers.

Season Location NH;3; (ugm—3) NO, (ugm—3) SO, (ugm—3)
ST1 0.843 + 0.359 P 4.254 + 1.298 0.117 £ 0.198
Summer ST3 0.953 + 0.442 ° 3.388 + 0.515 0.000
ST5 1.341 + 0.623 P 2.662 £ 0.298 0.141 £ 0.298
STé6 2554 + 12242 3.739 4+ 0.541 0.183 4 0.550
ST1 1.038 £+ 0.615 5.485 0.179
Fall ST3 0.743 £+ 0.160 4.633 0.000
a ST5 0.753 +0.314 3.997 0.000
STe6 1.2861 + 0.351 0.341 0.342
ST1 0.603 +0.103 2 7.667 £ 0.850 0.417 £ 0.326
Winter ST3 0.336 + 0.061 P 6.774 1+ 0.861 0.456 4 0.323
¢ ST5 0.476 + 0.194 @b 5.776 £ 1.91 0.598 4+ 0.457
STé6 0.575 +0.106 2 7.031 £ 0.968 0.242 £+ 0.099

Means with different letters within a season indicate significant difference at p < 0.05.

As shown in Table 1, ambient NH3_concentrations at the research site were relatively
low, which is attributed to the low bird population during the study period, ranging
from 1355 to 1366 birds. Statistically significant differences in mean concentrations were
observed among sampling stations and across seasons. Measured SO,_concentrations were
low overall, with lower values in summer and higher values in winter, as expected for this
rural setting. In contrast, NO,_concentrations were higher than anticipated and exhibited
clear seasonal variability, with lower concentrations in summer and higher concentrations
in winter.

3.2. Atmospheric Chemical Conditions

Atmospheric chemical conditions relevant to secondary iPM; 5 formation were evalu-
ated using a suite of established indicators (Equations (9)—(14)) describing NHj availability,
aerosol neutralization, and precursor balance. These metrics were derived from measured
concentrations of precursor gases and inorganic aerosol species and were examined as
functions of season, sampling location, and wind direction. The means of the five chemi-
cal condition metrics for three seasons at different sampling stations are summarized in
Table 2. Overall, the calculated indicators consistently reflected NHjz-rich but acid-limited
conditions in the vicinity of the poultry production facility. Spatial and temporal variability
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in these metrics was strongly influenced by seasonal changes in meteorology and by the

relative upwind or downwind positioning of sampling stations.

Table 2. Mean + SD of the chemical condition metrics separated by season and location.

Season Location GR or AdjGR (1 PNR TA/TS NH3/NH, AN/PM; 5
ST1 2624 +1.6192121 0988 +1.6512 28590 + NA Bl 0.984 + 0.013 0.010 £ 0.011
Summer ST3 3.528 + 1.973P 0.591 + 0.447 P 84.686 + NA 0.981 +0.018  0.015 + 0.015
ST5 5572 +1.886°  1.062 + 1.1152P NA [l 0.986 + 0.110  0.008 + 0.007
ST6 9.683 +5.221°P 2.268 + 1.088 2 NA 0.992 + 0.006  0.004 + 0.002
ST1 3.314 + 0.932 0.365 + NA 18.256 + NA 0.954 +0.021  0.018 + 0.024
Fall ST3 3.205 + 1.247 0.087 + 0.021 9.323 + NA 0.972 +0.025  0.018 + 0.017
a ST5 3.653 + 1.532 0.164 + NA 8.239 + NA 0.972 +0.021  0.013 + 0.018
ST6 5.771 + 2.067 1.964 + NA NA 0.977 +£0.009  0.007 + 0.003
ST1 1.133 + 0.360 5.765 + 4.701 NA 0.798 + 0.0752  0.036 + 0.031
Winter ST3 1.855 + 1.299 0.859 + NA NA 0.971 + 0.006®  0.002 + 0.002
€ ST5 2.213 + 1.928 3.112 4+ 2.284 NA 0.858 + 0.069 @ 0.020 + 0.016
ST6 2.378 + 1.076 4013 +3.112 74722 +£29.017 0.754 4+ 0.1632  0.042 + 0.041

1 only winter season, data are in AdjGR; [2] means with different letters within a season indicate significant

difference at p < 0.05; [®I NA of SD indicates that TS was extremely low, only one TA /TS ratio was obtained
such that no standard deviation was available; ¥l NA of mean indicates that no TA /TS ratio was obtained for
the sampling events due to unavailability of TS at the locations; Cells with no letter indicate that no statistically
significant differences were detected or that statistical testing was not conducted due to insufficient sample size
n=1).

As indicated by GR values, at all four stations, there was sufficient NHj3 to neutralize
S04%2~ and NO;~ (GR > 1) for all three seasons. As for PNR values, particle neutralization
potential was significantly higher in winter than in summer and autumn at all four sampling
stations. Although ambient NH; was low in winter, high PNR values were observed due to
low SO, =2 and NO; ~ (Equation (11)) from low concentrations of the precursor gases SO,
and NO,. Moreover, extremely low SO, concentrations also led to the inability to calculate
TA /TS (Equation (12)). More sample collection is needed to truly understand dynamic
changes in particle neutralization potential and TA /TS ratio in this rural environment. As
for NH3 /NHj results, greater than 0.5 at all stations and in all three seasons indicates that
there was a greater amount of NHj in the gas phase than NH,* in the particle phase. This
is more proof of insufficient precursor acid gases SO, and NOy to neutralize gas phase
NHj3;. When examining the average AN/PMj 5 ratio, it is observed that percentage of NHs
sensitive PM; 5 mass to total PM; 5 mass was lower than 5% which is an indication that
formation of secondary NHj-related PM; 5 was low.

3.2.1. Gas Ratio (GR and AdjGR)

The gas ratio (GR) and adjusted gas ratio (AdjGR) were used to assess NH3 neutral-
ization potential relative to sulfate and nitrate availability. Across most sampling events,
GR values exceeded unity, indicating sufficient NHj to fully neutralize sulfate but limited
availability of acidic nitrate precursors. AdjGR values exhibited similar seasonal trends,
with higher values observed during summer and autumn and lower values during winter.
These results suggest that iPM, 5 formation in this rural environment was constrained
primarily by the availability of acidic species rather than NHj.

3.2.2. Particle Neutralization Ratio (PNR)

The particle neutralization ratio (PNR) The particle neutralization ratio (PNR) exhib-
ited clear spatial and seasonal variability across the study area. PNR values were frequently
below one during summer and fall at several stations, indicating NH;z-limited conditions
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under those periods. In contrast, higher PNR values (PNR > 1) were observed at specific
locations during winter, particularly at downwind stations, reflecting episodic NH3-rich
conditions rather than uniform NHj3 limitation across all seasons and stations. These find-
ings further support the conclusion that iPM, 5 formation was acid-limited despite elevated
ambient NHj3 concentrations.

3.2.3. NH3/NHy Ratio

The molar fraction of gas-phase ammonia (NHz/NHy) was consistently high, par-
ticularly at downwind stations during summer and autumn. Elevated NH3z /NH, ratios
indicate that a substantial portion of total ammonia remained in the gas phase rather than
partitioning into particulate ammonium. This behavior reflects limited conversion of NH3
to NH4™ due to insufficient acidic reactants and highlights the dominance of gas-phase
NHj in the near-field of the poultry facility.

3.2.4. Total Ammonia to Total Sulfate Ratio (TA/TS)

The TA /TS ratio exceeded two for most sampling periods, indicating non-acidic
aerosol conditions favorable for complete sulfate neutralization. However, the lack of
corresponding increases in particulate nitrate suggests that nitrate formation was thermo-
dynamically or kinetically constrained. TA /TS exhibited substantial spatial and seasonal
variability. While TA/TS decreased during winter at some stations (e.g., ST1 and ST3),
elevated winter TA /TS values were observed at other locations (notably ST6), resulting in
winter TA /TS values that were comparable to or higher than those in summer and autumn.
Overall, the data indicate that winter conditions were not uniformly associated with lower
TA /TS across stations.

3.2.5. Ammonia-Sensitive PM, 5 Fraction (AN/PM, 5)

The fraction of ammonia-sensitive PM; 5 (AN/PM;5) was consistently low across
all seasons, typically accounting for only a small portion of total PM; 5 mass. This find-
ing indicates that variations in NHj3 emissions alone would be unlikely to substantially
affect ambient PM; 5 concentrations in this setting. Instead, PM; 5 mass was dominated
by non-ammonium components, particularly organic carbon, as confirmed by mass clo-
sure analysis.

Collectively, these atmospheric chemical condition metrics demonstrate that sec-
ondary inorganic PM; 5 formation near the poultry production facility was primarily
limited by acidic precursor availability rather than ammonia. The observed NHjz-rich,
acid-limited environment provides important context for interpreting thermodynamic
modeling results and assessing the effectiveness of NH3-focused mitigation strategies in
rural agricultural regions.

3.3. PM, 5 Mass Closure

PM, 5 mass closure analysis was conducted to assess the relative contributions of
major chemical components and to evaluate the completeness and consistency of the
chemical speciation measurements. The analysis focused on reconstructed PM; 5 mass
derived from the sum of measured species, including organic carbon (OC), elemental
carbon (EC), inorganic ions (SO472, NO5;~, NHy*), elemental constituents, and other
inorganic components.

Initial comparisons between reconstructed PM; 5 mass and gravimetrically measured
PMj; 5 mass revealed substantial discrepancies for a number of sampling events, with
reconstructed mass occasionally exceeding measured PM,5. Such inconsistencies are
commonly attributed to uncertainties associated with filter handling, conditioning, and
weighing, particularly under low-mass loading conditions typical of rural environments.
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To avoid propagation of these uncertainties, subsequent mass closure analysis emphasized
the relative chemical composition of PM; 5 rather than absolute mass agreement.

Seasonal mean concentrations of PM; 5 components were calculated for each mon-
itoring station and are summarized in Table 3. Across all seasons and stations, PM; 5
was dominated by organic carbon, accounting for the majority of reconstructed mass. In
contrast, secondary inorganic aerosol components (NH;*, NO3~, and SO, 2) contributed
only a minor fraction of total PM; 5 mass. This compositional pattern was consistent across
summer, autumn, and winter, despite seasonal variability in precursor gas concentrations
and meteorological conditions.

Table 3. Mean =+ SD for PM; 5 and its Components in ugm_3.

Season* Location PM,5 oC EC SO, 2 NO;— NH,* Elements Inorganics **

ST1 6.584+1559% 5256+1.885 0.001+0.001 003840094 0523+1.123 0.012£+0.012 0422+0.145 0.189 £ 0.181
ST3 6.146 +1977%  6455+£2312 0.0014+0.001 0.037+£0.078 0448 £0.664 0.013+0.007 0398 =+£0.179 0.141 £ 0.082

Summer - cp5 9772 4+4255Y 5907+ 1677 0.001 = 0.000 0.000 0910 4+1.020  0.020+0.026 050740168 0.129 & 0.057
ST6 8234+1425%> 6457+£1.035 000140001 0.001+0003 012640176 0016 +0005 0436+0.099 0.083 + 0.023

ST1 7845+ 2444 825142982 0442+0284 016740207 0130 +1.099 0053 +0.040 043540149 0.121 + 0.073

Fall ST3 651542221 963943356 055240283 060740506 0120 +0658 0023 +0013 03740187 0.091 + 0.049

a ST5 7333+ 4143 887843898 047240427 012340214 0050 +0087 0020+ 0010 035240142 0.067 + 0.036
ST6 7.041 +3860 8232+4485 043240437 0.000 00234+0040 0030+ 0010 0435+0292 0.086 + 0.034

ST1 7701 £2500 710042937 0.145+0284 00000204 0.106+1.114>> 0116+ 0.038%> 0463-+0.106 0.105 = 0.008

Winter ST3 757442312 813443405 009040283 000040509 0006406712 0010400142 04620189 0.066 « 0.049

ST5 7534 +1.892  6.564£2275 0.00240.001 0.000 0.097 +0.106%>  0.063 +0.044> 0.430+0.073 0.198 & 0.289
ST6 8591 £5.025 7.060+1.881 015140332 0.022+£0.032 0.144+0.107° 016040127 040540.057 0308 + 0.293

* For each season, differences among locations were evaluated using one-way ANOVA followed by post hoc multiple
comparison tests. Within the same season and chemical component, means followed by different lowercase letters are
significantly different at p < 0.05. Absence of letter notation indicates that no statistically significant differences were
detected among locations or that statistical testing was not conducted due to limited sample size; ** inorganics include
Nat, Ca*?,Cl-, Mg*z, and K.

The limited contribution of inorganic ions to PM; 5 mass is consistent with the atmo-
spheric chemical condition analysis, which indicated NH3-rich but acid-limited conditions
near the poultry production facility. Even during winter, when thermodynamic conditions
were more favorable for ammonium nitrate formation, inorganic aerosol mass remained
small relative to organic components. These findings suggest that PM; 5 in this rural agri-
cultural environment was largely influenced by organic sources rather than secondary
inorganic formation driven by ammonia emissions.

Figures 3-5 illustrate the seasonal PM; 5 chemical speciation mass fractions for summer,
autumn, and winter, respectively. Across all monitoring stations and seasons, organic
carbon (OC) was the dominant PM; 5 component, accounting for approximately 80-93%
of the total PM; 5 mass. This contribution is substantially higher than that reported by Li
et al. [33], who observed OC fractions of 50-55% at four ambient stations surrounding a
commercial egg production facility in North Carolina. Primary OC is commonly associated
with biomass combustion and traffic emissions, whereas secondary OC forms through
atmospheric oxidation of volatile organic compounds (VOCs) emitted primarily from
vegetation [34-36]. Previous studies have shown that OC and elemental carbon together
can contribute between 10% and 80% of PM; 5 mass across diverse environments, including
urban regions in Europe, California, and China [35-37]. In a European urban environment
influenced by strong biogenic emissions, Saarikoski et al. [34] reported that approximately
64% of OC was secondary in origin.

In contrast, the combined mass fractions of inorganic secondary aerosol components
(NHy*, SO4~2, and NOj3 ~) were consistently low, ranging from 0% to 1% across all stations
(Figure 3). Despite summer-time atmospheric chemical indicators (GR and PNR) suggesting
sufficient NH3 availability for aerosol neutralization, the contribution of NHs-related
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secondary iPMj 5 remained minimal, as reflected by AN/PM; 5 values below 0.03. TA/TS
values were consistently greater than 2 across all seasons and locations (Table 2), suggesting

NHj;-rich or weakly acidic conditions in which particulate sulfate was fully neutralized and

additional NH3 was available for potential nitrate formation. These results suggest that the

small amount of iPM; 5 formed at the site was primarily associated with ammonium nitrate

formation via reactions between NH3 and nitric acid, rather than sulfate-driven processes.

NHg NOs

Inorganics 0% 1%
Elements,

1% SO,

ST1

NH, NOy
0% 1% SO
0%
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0% SO42
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Figure 3. PM,; 5 chemical speciation mass fractions in Summer; inorganics include Na*, Ca?+,Cl-,

+2
Mg*, and K.
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Figure 4. PM; 5 chemical speciation mass fractions in Fall (right); inorganics include Na*, CaZt, Cl-,

Mg*z, and K.
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Figure 5. PM; 5 chemical speciation mass fractions in Winter; inorganics include Na*, Ca2*, Cl-,
Mg+2, and K.

Overall, the PM; 5 mass closure results reinforce the conclusion that secondary inor-
ganic PM, 5 formation played a minor role in determining ambient PMj, 5 levels at the study
site. The dominance of organic matter has important implications for interpreting ammonia
mitigation strategies, as reductions in NH3 emissions alone are unlikely to substantially
reduce PM; 5 mass under the observed chemical and meteorological conditions.

3.4. Thermodynamic Equilibrium Modeling

The ISORROPIA-II thermodynamic equilibrium model was applied to interpret ob-
served gas—particle partitioning behavior and to evaluate the sensitivity of secondary iPM; 5
formation to precursor availability under varying atmospheric conditions. Model simu-
lations were conducted using measured temperature, RH, total ammonia (NH3 + NH; ™),
total nitrate (HNO3; + NO3 ™), and particulate sulfate concentrations.

3.4.1. Response of iPMj, 5 to Total Ammonia

Sensitivity analyses examining the response of iPM; 5 to changes in total ammonia
are shown in Figure 6. Across most temperature and RH scenarios, increases in total
ammonia resulted in only modest increases in particulate ammonium and total iPM; 5 mass.
This limited response reflects the acid-limited atmospheric conditions identified from field
measurements, where excess NH3 was not efficiently converted to particulate ammonium
due to insufficient sulfate and nitrate availability.

Under wintertime conditions, when lower temperatures favored ammonium nitrate
stability, increased total ammonia led to slightly higher predicted particulate nitrate for-
mation. Nevertheless, the absolute contribution of NHj-related iPM; 5 remained small
relative to total PM; 5 mass, consistent with mass closure results showing dominance of
organic components.
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Figure 6. Responses of iPM; 5 components to total NH; under five different T and RH conditions.

3.4.2. Response of iPMj, 5 to Total Nitrate

In contrast, iPM; 5 formation exhibited greater sensitivity to increases in total nitrate

than to ammonia, particularly under low-temperature conditions (Figure 7). Model sim-

ulations demonstrated that augmenting total nitrate resulted in pronounced increases in

particulate nitrate when sufficient ammonia was present, even in environments with low

sulfate concentrations. This response highlights nitric acid availability as a key limiting
factor controlling iPM, 5 formation at the study site.

These findings indicate that secondary inorganic aerosol formation in this rural agri-

cultural environment is governed primarily by the availability of acidic precursor gases

rather than ammonia emissions alone. The modeling results further suggest that reductions

in NHj emissions, in the absence of concurrent changes in NOy or SO,, are unlikely to
yield substantial decreases in ambient PM; 5 concentrations.
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Figure 7. Responses of iPM; 5 components to total NO3 ~ under five different T and RH conditions.

4. Conclusions

This study investigated the formation potential of secondary iPM; 5 in the near-field of
a poultry production facility using multi-season field measurements and thermodynamic
equilibrium modeling. The results provide new insight into the role of agricultural NH3
emissions in a rural, acid-limited environment.

Atmospheric chemical condition analyses consistently indicated NH3-rich but acid-
limited conditions across all seasons. Elevated adjusted gas ratio (AdjGR) and gas-phase
ammonia fraction (NH3/NHy), coupled with low particle neutralization ratio (°PNR) and
low ammonia-sensitive PM; 5 fraction (AN/PM,; 5), demonstrate that excess ambient NHj3
was not efficiently converted to particulate ammonium due to limited availability of acidic
precursor gases. These conditions persisted despite seasonal variability in meteorology
and emission strength.

PMj, 5 mass closure analysis revealed that organic carbon dominated ambient PM; 5
composition, accounting for approximately 80-93% of total PM 5 mass. In contrast, sec-
ondary inorganic components (NH;*, NO3 ~, and SO,42~) contributed only a minor fraction,
confirming that iPM, 5 formation played a limited role in determining PM, 5 mass at the
study site. This compositional dominance of organic aerosols further constrained the
influence of NHs-driven inorganic aerosol formation.
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References

Thermodynamic equilibrium modeling using ISORROPIA-II supported the field-based
findings and demonstrated that iPM, 5 formation was weakly sensitive to increases in total
ammonia but strongly sensitive to increases in total nitrate, particularly under colder and
more humid conditions. These results indicate that nitric acid availability, rather than NH3
emissions alone, was the primary limiting factor controlling secondary inorganic aerosol
formation in this rural agricultural setting.

Collectively, these findings suggest that mitigation strategies targeting NH3 emissions
alone are unlikely to yield substantial reductions in ambient PM; 5 concentrations in regions
characterized by low SO, and NOy emissions. Instead, effective PM; 5 management in
agricultural environments requires an integrated understanding of precursor balance,
atmospheric chemistry, and organic aerosol contributions. Future studies should further
investigate the interactions between organic aerosols and inorganic partitioning processes,
as well as the role of regional transport of acidic precursors in modulating iPM; 5 formation
near animal feeding operations.
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