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; Environmental Significance

s Airborne amino chemicals (AACs) are common pollutants in the poultry industry, which
7 are of great concern for the welfare of animals and the occupational health of producers.

s It is important to characterize these chemicals in poultry farms, as many of these AACs
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s are precursors to ammonia which can significantly degrade air quality. Our research has
o discovered many AACs on the farm and highlighted their partitioning between air, particles,
» and litter phases. In addition, we report on the diurnal trend of uric acid, one of the main
12 AACs in the air. Our work has explored the origin of ammonia pollution on a poultry farm,
13 which can be applied to other livestock facilities. At the same time, we have emphasized the
« implications of indoor air pollution on the welfare of animals and the occupational health of

s producers.

16 Abstract
17 Indoor air pollution is a common problem in poultry and many livestock facilities.
18 Small airborne amino chemicals (AACs), such as ammonia and short-chain amines,
19 are common air pollutants in poultry farms. An elevated concentration of AACs can
2 reduce the indoor air quality (IAQ) of the farm, affecting the production of chicken
21 eggs, the welfare of the animals, and the occupational health of producers. Recent
2 studies have identified ammonia and small volatile organic pollutants in poultry farms.
3 However, the characterization of large AACs, such as uric acid (UA) and large amines,
2 has rarely been reported, although many of them have been proposed as the main
2 form of biological nitrogen waste. Our goal is to provide information on organic amino
2 pollutants in poultry farms. This project includes an online aerosol sample using a
7 particle-into-liquid sampler (PILS) and an offline chemical analysis using liquid chro-
2 matography mass spectrometry (LC-MS). With a selective characterization of AACs
2 in a poultry farm, we found that UA and suspended particles are correlated with on-
£ site management practices, such as barn lights. Among the three major indoor phases
31 (gas, particles, and litter) in the facility, we report the phase partition of UA, NH,,
2 NH,*, and large amines. The observation of these indoor pollutants has implications
3 on the formation of dust particles and ammonia, and the results can benefit the poultry
1 industry in solving persistent IAQ problems.

2
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» Introduction

% Indoor air quality (IAQ) has become increasingly recognized for its impact on public health
» and well-being in past years.' Recent studies have shown that the air quality in residential
1 homes is influenced by human emissions,>3 animal or biological activities, and chemical
1 processes.+5 The IAQ of the workplaces is just as crucial as that of residential settings,
» given that many contemporary occupations occur indoors.® While government agencies have
« established general IAQ protocols,” workers may be exposed to air pollutants unique to their
2 specific occupations, indicating a need of tailored standards. For industries that are the main
» emitters of air pollutants, workers can experience prolonged exposure to concentrations that
« exceed safety thresholds, threatening both their productivity and occupational health.89

5 The US Department of Labor has identified common biological, chemical, and particu-
s late pollutants in commercial and institutional indoor buildings, but has also provided only
« general administrative and control guidance.’® Managing IAQ in workplaces with diverse
» indoor environments remains challenging, as general benchmarks are insufficient to ensure
» clean air. Research has shown that air pollution in office environments not only causes
s discomfort, but also contributes to cardiovascular or respiratory diseases.’*~4 For industries

s that predominantly involve indoor activities, such as exhibitions,'>¢ entertainment,'7-'® and
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» beauty industry,!9-2° exposure to volatile organic compounds (VOCs) is a significant concern.

j? 53 Similarly, the poultry industry faces severe air quality challenges. with elevated levels of air
jg s pollutants such as carbon dioxide (CO,),?* ammonia (NH,), particulate matter (PM,, and
j;f s PM, £),22 and VOCs.23 These pollutants are often associated with reduced chicken produc-
j? 5 tivity and welfare,24-26 yet systematic studies remain limited. Despite the widespread of air
jg 57 pollution problems in commercial poultry farms,2728 the cost of implementing additional air
g? ss quality control measures often discourages producers from taking action. 29

gg 59 The primary source of air pollutants in poultry facilities is manure, which can be easily
gg « resuspended by birds’ activities.3° Airborne amino chemicals (AACs) are common air pollu-
g? s« tants in these environments, often characterized by their odorous and toxic nature.3! Small
58
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and highly volatile aliphatic amines and NH, are the most frequently detected and monitored
compounds, knowing their strong odors and high concentrations.283233 NH, serves as a key
indicator of IAQ in poultry facilities, and should be kept below 25 ppm, according to Cana-
dian Council on Animal Care (CCAC).34 This level also represents the threshold at which
hens exhibit aversion.35 High concentration of NH, can be negatively impact chickens, lead-
ing to reduced body weight gain, poorer calorie conversion, and weakened immune system
functions.3® However, chickens are typically not the direct source of NH;; instead, various
organic amino wastes from animals act as its precursors. For example, enzyme-assisted mi-
crobial decomposition of uric acid (UA) is a major contributor to indoor NH,.37:38 Therefore,
it is necessary to comprehensively understand these compounds within poultry farms. By
implementing targeted measures, producers can indirectly improve their management of NH,
pollution, thus mitigate the risks associated with both farmer health and animal welfare.

UA is a common biogenic amino chemical found in both animal and plant bodies,394°
and is abundant in agricultural facilities that contain animal and plant waste. Although UA
is the main source of nitrogen in such settings,4-43 its presence in aerosols and the indoor
atmosphere is rarely documented. Airborne UA can not only contribute to an elevated con-
centration of total AAC, but can also enter the respiratory system.4445 It remains unclear
whether airborne UA can facilitate the accumulation of suspended dust or if any adverse
health effects are associated with chronic exposure. Furthermore, the microbial decomposi-
tion of UA produces CO, and NH,, both of which are critical indicators of IAQ. 4647

In addition to UA, numerous organic AACs are known to serve as precursors of small
inhalable amino species.4® Characterizing these compounds can be challenging23495° largely
due to limited analytical techniques.5* Amines, such as cadaverine (CAD), putrescine (PUT),
urea and guanine (GUA), are often found in chicken products and are decomposition products
of large bio-molecules.5>53 These AACs can also been emitted into the atmosphere and
contribute to total VOCs.5455 Amines are often involved in acid-base chemical reactions due

to the basic amino group. Consequently, changes in surrounding environmental conditions,

Page 4 of 40


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00254g

Page 5 of 40

w_waRenAcgeseirisl ePullisted onib Rebruany,225.Downliaded an2/26/20251Q2501PM = 0 co N v b1 & W N =

k\s _IIIT)S aTﬁ c@is‘ﬁc&seﬁ'uﬁaerué d?ea&fve%oﬁm&s‘ﬂttﬁ%uﬁbn%.dﬁnﬁorf‘é’d |ce|_”|'ce<.3

A A DDA DMDMDSDDA
OWoONOULL A WN=O

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

89

90

9

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Environmental Science: Processes & Impacts

View Article Online
DOI: 10.1039/D4EM00254G

such as temperature, ions, or pH, can influence their emission into the farm air.56-57

The objective of this study is to provide detailed information on nitrogen emissions in
indoor poultry farms. First, we will demonstrate a time-resolved collection and quantification
of AACs. Second, we will evaluate the distributions of the AACs in different indoor phases,
including air, particles, and litter. Third, using UA as an indicator, we will explore the
correlation between AACs and IAQ parameters by monitoring aerosol time profiles. The
findings of this work would expand our understanding of air quality in the animal husbandry
industry, thereby supporting future efforts to improve animal productivity and the well-being

of producers.

Material and Methods

Chemicals and Materials

The deionized water used in this study was made using a Thermo-Fisher Scientific Barnstead™
E-Pure’™ Ultrapure Water Purification System. HPLC grade acetonitrile, boric acid (>99.5%),
formic acid (98-100%), ammonium hydroxide (NH,OH) solution (28% NH, in water), uric
acid (>99%), guanine (98%), allantoin (>98%), urea (99.0-100.5%), p-toluenesulfonyl chlo-
ride (TsCl) (>99%) were purchased from Sigma-Aldrich. Sodium hydroxide pellets were
purchased from Fisher Chemical.

Two buffers were prepared for sample collection and extraction. A 0.25 M sodium borate
buffer was prepared by dissolving boric acid solids in deionized water, with its pH then
adjusted to 9.0 by NaOH. A 0.1% formic acid scrubbing solution (pH = 2.7) was prepared
by dissolving formic acid in deionized water. These two solutions are herein referred to as

the basic buffer and the acidic scrubber to be used in subsequent steps.
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Sample Collection and Treatment

Aerosol samples were collected using a particle-into-liquid sampler (PILS) (Model 4001) and
an auto collector manufactured by Brechtel Inc. The PILS is equipped with a gas denuder, a
particle impacter, and a sample inlet tube. The gas denuder contains active charcoal strips
that can remove gaseous compounds from the sample air. The particle impactor allows
particles smaller than 2.5 ym in diameter to pass through. The inlet tube is a 30-cm long
stainless steel tube, whose diameter is 0.5 inch. The number, mass and size of aerosols are
monitored by an optical particle counter (OPC) (Model 11-C) manufactured by Grimm Inc.
The density of all types of aerosols was assumed to be 2 g/cm3 during its operation. However,
we acknowledge that the atmosphere of poultry farms is distinct from ambient atmosphere,
hence this assumption may not be accurate in farm-alike environments, hence would bring
errors when calculating the particle mass concentration.

Figure 1 is a schematic of the approaches taken to measure AACs in indoor poultry
facilities. Preliminary functionality tests of all but intercomparison instruments involved
in Figure 1 were performed at the Poultry Research Center (PRC) of the University of
Alberta. The PRC farm had floor-pen housings for a small flock of 70-75 birds, and the
entire barn area had about 1200 birds. Commercial farm samples involved in this study
were collected on a farm located near Camrose, Alberta, Canada (Figure S1). The farm was
a completely indoor, organic, and free-range table egg facility. The barn we sampled was
the home of 8000 birds at approximately 60 to 70 weeks of age. On the commercial farm,
four trials of instrument testing and sampling were carried out between November 2022 and
March 2023. During these preliminary activities, we identified the most suitable location
for the instruments in the barn, such that our collection would receive minimized impact
from farmers’ activities and farm machines. We also determined the intake rate of PILS and
OPC, which will be used for quantification in the latter sections.

Gas samples were collected using a homemade impinger driven by a diaphragm pump,

and the gas flow rate was controlled by an Alicat mass flow controller at 0.7 L/min for 30
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min. Upstream of the pump, a 0.2 ym Watman filter was installed to remove the incom-
ing particles. This filter was extracted by stirring in the basic buffer for 1 hour, and the
resulting extract was submitted to the Natural Resource Analytical Laboratory (NRSL) at
the University of Alberta for anion analysis. The acidic scrubber described above was used
to maximize the collection of the gaseous NH;. We also evaluated the scrubbing capacity
of our acidic solution. Under the maximum regulated indoor concentration NH, (25ppm),
the molarity of formic acid in the solution is still approximately 40 times higher than NH,
collected throughout the gas sampling period. The acidic solution thus will not lose the
scrubbing efficiency during sampling. However, the collection efficiency of an impinger can
be affected by its design, for example, residence time, surface area of contact, or flow rate.
These parameters were not optimized in our study and there is no other NH, analyzer on
site for reference. While we assumed that the impinger achieved a 100% collection efficiency,
our reported NH, concentration may underestimate the actual value.

The temporal profile of particles was collected by the OPC, and time-resolved aerosol
samples were collected by PILS and its autocollector in the basic buffer for subsequent
chemical analysis. Here, the collection was carried out in the basic buffer, as it showed a
stronger response to most AACs, including UA, than the acidic scrubber solution (Section
S2). We note that the basic buffer can compromise the collection of NH,* as the pH of the
buffer is close to the pKa of NH,". We expect that a portion of NH," may evaporate after
being collected, which means that our reported value can underestimate the actual value.
The solvent was driven by a peristaltic pump at a rate of 0.3 mL/min, the resulting solution
was then injected directly into a 1.8 mL autosampler vial every 2 min. Due to limited slots
in the autosampler, sometimes, these samples were also collected in a 12 mL vial every 20
minutes for prolonged collections.

Chicken litter samples were collected by hand picking five random locations within the
farm. The five samples were pooled by shaking them in a 20 mL glass vial after collection.

In the laboratory, a portion of the litter was weighed and extracted using an orbital shaker in
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20 mL of basic buffer at room temperature for an hour. We noted that the litter sample was
a mixture of chicken manure and bedding materials made primarily of wood pellets (Figure
S3 in the SI). Therefore, the concentration of AACs will vary depending on the ratio between
chicken manure and wood pallets. For example, if one portion of the litter contains more
chicken manure materials, it would likely have more AACs.

In this paper, we report a set of results obtained from one sampling campaign on the
commercial farm. This campaign was conducted on April 13, 2023, and involved all types
of samples mentioned above. On this day, we collected a set of samples containing 50 PILS
samples, a time series of OPC samples, one vial of gas impinger sample, and approximately
10 grams of homogenized litter sample. April is in the winter season of Alberta, Canada.
During this season, the ventilation of the air in the barn was usually minimized to reduce
the loss of heat to the outdoor environment, hence the farm IAQ is expected to be the worst
of the year. The lighting in the barn is governed by incandescent light bulbs that are covered
with red plastic covers. Farmers advised us that red light could reduce chicken anxiety. After
the sampling campaign, all field samples were analyzed on the same day in the laboratory.

A sketch of the barn can be found in Figure S2 in the SI.

Derivatization and Chemical Analysis of AACs

The primary chemical analysis instrument was the Thermo-Fisher Accela Liquid Chromatog-
raphy (LC) system and Thermo-Fisher LTQ-XL mass spectrometer operated in positive
electrospray ionization mode (ESI+). The ESI is a soft ionization source that retains molec-
ular ions at the source, and hence it is suited for observing unknown species. The LTQ-XL
offers a rapid scanning rate, while also having adequate resolution for the preliminary spe-
ciation and tracking of selected TsCl derivatives. The column for LC separation was a
Phenomex Luna Omega polar C-18 column, dimension 150 mm X 2.1 mm X 3 y/m. An Or-
bitrap high-resolution mass spectrometer (Thermo-Fisher Exactive Orbitrap) was also used

for identification. This Orbitrap MS offers an MS scanning resolution greater than 50,000,
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thus it is very suitable to obtain the elemental composition of unknown compounds.

The derivatization was performed directly inside the autosampler vial. The derivatization
method was developed and modified from Rudnicka et al.5® All samples were mixed with
0.052 M TsCl solution in acetonitrile and prepared in the basic buffer. The derivatization
takes at least two hours in a 50 °C water bath. All derivatized samples were analyzed using
the positive mode of LC-ESI-MS, in which molecular ions are detected as [M+H]*. Details
and settings for this instrument are listed in Section S3 of the SI.

TsCl is known to be selective towards amino and alcohol groups, forming sulfonamides
and sulfonates by nucleophilic tosylation.5%6° The resulting sulfonates and sulfonamides have
higher molecular weight and lower polarity, thus improving the separation of amino com-
pounds in the reverse phase C18 column. In addition, since alcohol-derivatized sulfonates are
only stable under highly basic conditions, ¢! the mildly basic condition used here only retains
stable amine-derivatized sulfonamides. All TsCl derivatives were first identified according to
their molecular weights in high-resolution orbitrap MS with empirical formulae. Identities
of potential amines are further confirmed by referring to commercial standards.

We selectively quantified UA and NH,* in our sample with external calibration methods.
UA calibration curve was performed in the basic buffer and had five data points ranging
from o to 400 pyM, with the R? value greater than 0.9990. NH,* calibration curve had six

data points ranging from o0 to 20 mM, with the R? value greater than 0.9990.

Identification of TsCl Derivatives

TsCl derivatives were identified by signature isotopic profiles (Figure S8), as the sulfur in
the TsCl derivative can result in separated peaks at the mass of [M+2]* position. Due to
the mass of [34S—32S] being smaller than 2x['3C—12C], the lighter peak at this position is
[M(34S)]*, and the heavier peak is the combination of [M('3C,)]* and [M(*4C)]*. Further-
more, since the natural abundance of 34S is higher than 4C or 3C, the lighter peak will

be more intense.®? Suppose that the only source of sulfur in our samples was TsCl, any
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compounds that contain this isotopic peak pattern are its derivatives. Details about this

identification method can be found in Section S5.

Modeling and Assumptions

The phase partition of selected AACs between the gas phase and suspended particles was
estimated using the Extended Aerosol Inorganic Model (E-AIM, http://www.aim.env.uea.
ac.uk/aim/aim.php). Concentrations of neutral and ionic forms of these AACs in both the
aqueous phase and the gas phase were estimated using Model 2. Input parameters of the
model are based on our observation and are listed in Section S3. The primary reason for
using E-AIM is that the sample of particles and litter collected on the poultry farm is rich
in anions. In addition, the partition of many primary and secondary amines is strongly
influenced by inorganic ion concentrations and aqueous dissociation. 3% Hence, using E-
AIM is appropriate as it considers thermodynamic equilibrium between the neutral and
protonated form of amines.
A few assumptions are made to execute the model simulation. 1) The partition of AACs is

assumed to take place only between the particle and gas phase. 2) Modeled water-soluble ions
are only H*, NH,", SO,*>, and NO,~ per the model design. 3) The extraction efficiency of
anions from the filter sample is assumed to be 100%, as the NH,* form of sulfate and nitrate
are very water-soluble. 4) Modeled organic compounds are only dimethylamine (DMA),
PUT, and CAD, due to the limited availability of thermodynamic properties in the E-AIM
library.5%:57 5) Since we did not observe CAD in particles, the modeled CAD concentration
in the particle is assumed to be approximately 100 times lower than PUT, according to their

ratio in litter samples (shown in the later section).

Quality Control and Instrument Validation

Thermo 17i NH, analyzer and a scanning mobility particle sizer (SMPS, TSI Inc.) were used
to evaluate the efficiency of PILS. The SMPS includes a diffusion mobility analyzer (Model
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3080) and a condensation particle counter (Model 3775).

Although the PILS is designed to collect particles, a trace amount of gaseous chemi-
cals may penetrate the gas denuder. To determine this potential bias, we performed an
inter-comparison experiment between PILS and Thermo 17i ammonia analyzer. During this
experiment, both PILS and Thermo 17i had collected laboratory-generated ammonia and
ammonium bisulfate particles from the same chamber. In addition to the efficiency of the gas
denuder, we have also obtained the standard error of the PILS collection (6.7%), which will
serve as error bars in the following quantitative analysis in this study. Detailed information
on this experiment can be found in Section S4 in the SI.

Due to technical constraints, our lab-generated NH; could only reach approximately 100
ppb in the gas phase (Table S4). This is about 1-2% of the concentration we observed in the
farm (presented in following sections). Hence, we were unable to fully reproduce the farm en-
vironment in our inter-comparison experiment, and some assumptions were necessary. First,
the PILS operation parameters are the same between the laboratory and the farm, such as
the peristaltic pump rate, the air pump rate, the denuder efficiency, and the particle impacter
efficiency. Second, our reference instrument (Thermo 17i) reflects the actual NH,/NH,* con-
centration in the chamber, although it has been shown that its accuracy varies between 3.7%
to 10.5% on average according to the US Environment Protection Agency (EPA).%

Without the gas denuder, PILS collected 59.1% of the gas phase NH, - related to the

40

2; %1 NH, analyzer. When the denuder was mounted, the penetrated concentration of NH; was
ji 22 below the detection limit of LC-MS (LOD, 20 ppb, converted to gas phase), which can
jg 263 over-estimate the denuder efficiency. As a result, we performed another test using DMA,
j; 24 which has a better LOD (0.25 ppb), to help determine the denuder efficiency (96.3%). We
;‘g 25 acknowledge that the farm contains a much higher concentration of gases than our chamber,
g; 26 and the denuder penetration was expected to be higher on the farm. As a result, the actual
g i 27 denuder efficiency was expected to be lower than our reported value. This limitation implies
55 2s that the characterization of PILS denuder efficiency requires a more dedicated experiment
7
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setup in future studies.

PILS was designed to collect fine particles (30 nm and above). Although the literature
has shown that the collection efficiency between 30 nm and 10 ym is greater than 97%,
a portion of the salt particles generated in this experiment was less than 30 nm, which
was outside the optimal range of PILS. We noted that the NH; analyzer is also capable of
measuring aerosols containing NH,". Its oven (approximately 800°C) evaporates the NH,*
particles into NH, which is then oxidized by catalysts. NH; is converted to NO, which is
then oxidized by O, eventually being detected as photons emitted from excited NO,. This
process is known as chemiluminescence. In this specific inter-comparison, PILS-LCMS has
quantified 71.8% of NH,* particles relative to Thermo 17i. Higher efficiency can be achieved
when the particle size is larger according to the PILS working fundamentals. %067 According
to the size distribution collected by the OPC (shown in Figure 5 in the latter section), many
particles in the poultry farm are large particles between 2-20 ym. Therefore, biases due to
ultrafine particles would be rather negligible.

A test for UA extraction and derivatization efficiency was performed by injecting a stan-
dard solution with a known concentration into litter bedding samples during extraction. Two
sets of samples containing five pairs of spike-non-spike samples were prepared. The recovery
value obtained was 72.7% + 11.5%. Furthermore, we also performed a stability test of the
derivatized sample to account for the sequence queueing time in the autosampler. This was
done by repetitively analyzing the same derivatized UA. Through this experiment, the de-
cay rate of the calibrated UA chromatography peak is found to be approximately 0.04% per
minute, with the R? value equals to 0.82. We determined that this signal decay is due to a
gradual conversion of single-derived UA to its double-derived form, as samples are waiting to
be analyzed. Additional details can be found in Sections S4 and S5, and the corresponding

correction to sample degradation has been applied to our time-resolved data series.

12
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» Results and Discussion

»s Identification of AACs in Different Phases

1 Using high-resolution mass spectrometry, our initial analysis detected 15 potential AACs

27 and proposed 10 species through library matching, as summarized in Section S5. Using
s commercial standards, we further identified NH;, DMA, GUA, UA, PUT, and CAD, urea,
29 and allantoin (ALA). It should be noted that trimethylamine is often abundant and is fre-
w quently reported in livestock facilities.31:3268.69 However, it is inert to derivatization because
11 TsCl cannot react with any tertiary amine due to the absence of active amino groups.

0 The phase distribution of AACs among gas, particles, and litter was evaluated using a
1 targeted analysis (Figure 2A). We observed a general variation of AACs in different phases,
w4 indicating that phase partition of AACs plays a key role in the indoor environment. Volatile
s organic AACs tend to remain in the gas phase rather than in the particle phase, as the dust
1s contains a limited moisture content (with a relative humidity of roughly 0.3 according to
w7 farm monitors) to dissolve volatile compounds. Larger AACs, such as UA, are restricted
ws by their low volatility and are therefore absent in the gas phase. In contrast, the litter has
39 a higher moisture content than the dust, allowing it to retain volatile species. To support

3o our observations, we simulated the phase partition of NH,;, DMA, CAD, and PUT using the
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#1 E-AIM model in Figure 2B.5%57.7° The model predicts the concentration of AACs in each

40

2; s phase, with the gas-particle ratio calculated based on these predicted concentrations. Input
ji w3 parameters, including anion concentrations and organic AAC concentrations, are derived
jg ne from results obtained from NRSL and our LC-MS analysis (Table S3).

173 %5 Figure 2A shows that the gas phase contains only NH; and DMA. According to the E-
gg us AIM model prediction, these two compounds have high predicted gas-particle ratios (1.1X105

g ; w7 and 7.0 X 103, respectively), indicating their strong preferences for partitioning into the gas
gi »s phase. In contrast, the gas-particle ratios of CAD and PUT are as low as 1.6 and 1.2,

gg w9 indicating that a relatively small fraction of compounds are volatile, compared to NH; and
57
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DMA. The low concentrations of gaseous CAD and PUT could fall below our LOD and
hence be absent in our gas sample.

UA, GUA, NH,*, and PUT are detected in the particle phase, suggesting that they
are the dominant amino component in suspended dust particles. Therefore, these AACs
are more likely to be inhaled by chickens and farm workers. Depending on the size of the
particles to which they have been attached, these chemicals can be deposited in different
sections of the respiratory system. The absence of DMA in the particle phase agrees with
the prediction from the E-AIM model. Because the gas-particle ratio is 7 X 103, most DMA
would be volatile. In addition, unlike NH,, which can form inorganic salts, there are very
few ionic compounds that DMA can produce. Hence, it is unlikely for DMA to remain in
the particle phase.

Compared to gas and dust samples, chicken litter contains the widest range of AACs.
The peak of UA in this phase is much higher than that of other chemicals, exemplifying its
potential dominance in the litter. The presence of volatile DMA in the litter could be due
to its attachment to the moisture content of the litter, or its entrapment within the porous
structure of litter particles. Urea and ALA are detected exclusively in the litter, suggesting
their inability to be retained in particles or gas. Additionally, the detection of these two
compounds indicates that the litter is the reaction site of UA decomposition, as they are
known intermediates in this process. 447 This observation implies that the litter serves as a

continuous source and reservoir for NH; within the barn.

Distribution of amino Species in Each Phase

In the previous section, AACs exhibited a diverse distribution pattern across three indoor
phases. This section focuses on determining the concentration of individual AACs in these
three phases, as shown in Figure 3, with anion molarity ratios shown as inserts. Gas phase
concentrations were calculated on the basis of the total volume of air sampled using the

impinger. Particle phase concentrations were derived from LC-MS calibration results and
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1 then compared to the total particle mass (TPM) obtained by the OPC. Litter phase concen-
w7 trations were calculated related to the dry mass of fresh litter. To determine the dry mass,
us the litter sample was baked in a 60°C oven overnight, with the loss of mass approximated as
1 the water content. For extraction, we decided to extract fresh litter instead of dry litter be-
10 cause the loss of volatile AACs would be inevitable during the drying procedure. The anion
11 molarity ratios were determined using the colorimetric method of the US EPA, 7! performed
3z by NRSL. We did not conduct a cation analysis due to the scope of the study and limited
1 instrument availability. As a result, our anion measurement reflects only the distribution of
1 ammonium salts in the sample.

355 For the anion molarity ratios, only phosphate, chloride, sulfate, nitrite, and nitrate were
1% determined. These five anions are among the most abundant anion species in our sample.
37 Other anions are likely present, such as conjugated bases of organic acids, which could
1 also contribute to total ammonium. However, we were unable to provide a comprehensive
19 overview as a result of the limited instrument and method capacity. We acknowledge that
w0 our reported percentages may be overestimated and serve as a preliminary quantification.
31 According to the pie chart insert in Figure 3A, a moderate correlation is observed between
:2 the litter and the particle phase. In the particle phase, phosphate accounts for approximately

3 half of the total ion content, followed by chloride, sulfate, and nitrate. In contrast, the litter

w_waRenAcgeseirisl ePullisted onib Rebruany,225.Downliaded an2/26/20251Q2501PM = 0 co N v b1 & W N =

k\s _ IS aTﬁ c@is‘ﬁc&seﬁ'uﬁaerué d?ea&fve%oﬁm&s‘ﬂttﬁ%uﬁbn%.dﬁnﬁorf‘é’d |ce|_”|'ce<.3

14 (pie chart in Figure 3B) contains a dominating fraction of phosphate compared to other

x5 anions, followed by nitrate and sulfate. Unlike the particle phase, chloride has only occupied
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367 The high phosphate content in chicken litter is consistent with the literature, indicating
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%s that it originates primarily from direct excretion through manure.”? This suggests that the
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19 significant presence of phosphates in airborne particles may be due to the suspension of
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w litter caused by air circulation and animal movement. Chloride is the second most abundant
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wm other sources of airborne chloride in addition to chicken manure. According to the producer,
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chicken feed contains various chloride compounds, such as choline chloride, suggesting that
airborne chloride may partly originate from the feed. Overall, the presence of anions in both
particles and litter has indicated a significant inhalable exposure to phosphate salts for both
animals and workers, raising concerns about potential phosphate toxicity.73
The gas phase contains 5.40 ppm of NH; and 0.047 ppm of DMA, shown by the box
inserted in Figure 3A. In the particle phase, the mass fractions of each AACs are calculated
relative to an hourly averaged TPM concentration of 19 mg/m3, according to the OPC.
NH," account for over 18% of the TPM, while this proportion is approximately 14 times
lower in the litter (1.29%, Figure 3B). This substantial difference suggests the presence of
unidentified sources of NH,* in airborne particles. The litter had a higher mass concentration
of UA (2.64%) than that of particles (1.43% £ 0.28%), indicating that the litter is a major
source of airborne UA. CAD occupies 0.32% of the litter mass, ranking as the third most
dominant amino chemical. DMA has the lowest mass ratio among all AACs (0.011%), likely
due to its high volatility and low molecular mass. It should be noted that we are unable to
determine the source of these amines, but the existing literature suggested that the microbial
metabolism of amino acids could be a contributing pathway.74
The commercial poultry farm presents a highly dynamic indoor environment, making

it challenging to define typical concentrations for most of the indoor pollutants. Airborne
chemicals are often influenced by factors such as chicken activity, ventilation, and farm
infrastructure. To provide context, we compared our observation with existing studies in
Table 1. In the gas phase, our measured NH, concentration falls within the range reported
in the literature and remains below the CCAC limit of 25 ppm.34 In the particle phase,
our measured NH,* concentration is of the same order of magnitude as the reported value
but is three times higher, likely due to varying farm conditions. Our high time-resolution
measurements captured periods of intense chicken activity, leading to an elevated average
NH," and greater variability. Consequently, poultry farms are expected to exhibit rapid

temporal fluctuations in suspended chemicals, closely related to chicken activities. Beyond
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w0 NH ,or NH }, many other AACs remain unreported in the existing literature, making our

« results a potential reference for future research.

« Dust and Chemical Correlation

w3 To explore the correlations of AACs with other indoor conditions, such as farm lighting
w4 and common IAQ parameters, we obtained PILS samples near the evening of the sampling
«s day. This particular day was chosen for several reasons: First, the outdoor temperature
w6 was moderate, representing a typical winter day in the local Alberta. Second, the producers
«7 planned to remove the birds from the farm in the evening, providing a unique opportunity
w0z to observe the direct impact of human-induced chicken activities on airborne compounds.
w9 Third, this timing allowed us to study the diurnal cycle of IAQ on the farm, as it covers the
«0 complete sleep-wake cycle of chickens within a short evening.

a1 Figure 4A shows the time profile of UA and TPM measured by PILS-LCMS and OPC,

«2 and the shading of the background indicates the change in the lighting conditions in the
«3 barn. UA and TPM concentrations were plotted against each other to elucidate their cor-
«4 relations (Figure 4B). We differentiated our sampling period into three zones: day-time,

«s sunset, and night-time, each of them stands for different light intensities. The farm light had
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«6 the maximum output during the day-time (white zone) and gradually dimmed during the
«7 sunset (light gray zone). During the night-time, there were no lights inside the barn (dark

s gray zone).
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419 During the day-time, the TPM fluctuated around 3 X104 p/g/ms3 while the UA concentra-
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«0 tion can be as high as 500 pg/m3. The UA concentration constitutes approximately 1.5%
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a1 of the TPM, which is consistent with the results presented in Figure 3. To highlight the
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24 and UA concentrations of 20 mg/ms3 and 250 pg/ms3, respectively, and using a typical adult
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o5 breath rate of 6 L/min,’5 farm workers are estimated to inhale 1.5 g of UA per minute.
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Considering the previously mentioned NH* ratio of 18%, farm workers would also inhale
21.6 yg of NH,* per minute during their shift.

The elevated day-time airborne dust and chemical are primarily attributed to chicken
activities. Based on our on site visual observations, most of the birds gather on the ground
during this period, and were in direct contact with the chicken litter. Bird movement can stir
up dust from the litter bedding, leading to increased concentration of both UA and TPM.
Fluctuations in the TPM levels are likely due to local activities of chickens, which creates
plumes of dust reaching our instrument. For instance, a notable spike in both TPM and UA
concentrations was observed at 17:05 during an intense activity event when chickens became

agitated.

During the sunset period, the chickens started moving to upper layers, which is a steel
rack and served as sleeping places for birds. As the steel rack was free of litter, the movement
of chickens could not suspend litter particles, leading to a gradual reduction of TPM in the
air. When night arrived, the chickens fell asleep quickly, so on regular days the concentration
of UA and TPM should have been maintained at a low level until the next morning. However,
as the producers were in the process of removing the flock from the facility, sleeping birds
awakened as the worker turned on the light. An increase in UA and TPM was observed
after 19:00. The time profile of the TPM exhibited multiple sharp peaks that were not
observed during the day-time. It is likely caused by farmer-induced localized and sporadic
bird activities. The UA profile has shown rather a single broad peak than multipeaks,
primarily because of the reduced PILS sampling frequency according to our sequence design.

The correlation between PILS and OPC results (R? > 0.8) is shown in Figure 4B. These
two instruments were co-located during measurement. The regression analysis indicates that
1) particles are the main carrier of airborne UA, which is consistent with the discussions in
previous sections, and 2) the fluctuating concentration of airborne UA reflects changing
chicken activities on the farm. This consistency also indicates that UA shares a relatively

stable ratio in airborne particles, which also reflects that airborne UA has a consistent source,
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ss3 such as the manure suspension.

454 During this case study, we also assessed the temporal size distribution of airborne parti-

5 cles, considering PILS has a minimum particle size threshold of 30 nm for optimal collection
»6 efficiency. A 2-D contour plot was generated to illustrate the concentrations of particles
«7 in different OPC size bins, ranging from 0.25 ym to 32 ym (Figure 5). It is important to

»ss note that this size range is determined by the instrumental cut-off, as the OPC operates
»9 based on the Mie scattering of particles. According to Figure 5, most of the particles were
w0 found to exceed the minimum size requirement of PILS, indicating that the collection would
s fall within the effective working range of PILS, therefore maximizing collection efficiency
w (97%).%

4 A higher particle count was observed in all size bins during the active period of the

s+ chickens. The corresponding PM, ; concentration was well above 1000 p/g/m3 until 16:30.
45 Combining with the observed 1.5% ratio, the estimated UA in PM,; was more than 15

46 g/m3 during this period. Although there is no current indoor PM,  exposure limit set by
4«7 the Canadian government, our observed concentration is a few orders of magnitude higher
«s than the Canada-wide 24-hour standard (27 pg/m3).76 Therefore, farmers should be aware
« that their working environment is much worse than the federal standard. In addition, chicken

0 pulmonary systems have been found to be highly susceptible to pathogens.”” Exposure to
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«  elevated particulate matter can induce cardiotoxicity in chicken embryos7® and reduce growth

«n performance in hatched birds.7
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a4 Our project has demonstrated the most comprehensive exploration of airborne amino chem-
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a5 icals (AACs) within a commercial poultry farm. This study has identified and quantified a
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a7 range of organic and inorganic AACs, many of which have never been previously evaluated.
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7 Amino species share a large proportion of chemicals in commercial poultry farms. Elevated
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concentrations of these chemicals can directly degrade indoor air quality, which can pose
risks to the occupational health of workers. More importantly, a high level of AACs can neg-
atively impact the welfare of birds, reduce productivity, and undermine the cost-effectiveness
of investments in the farm ventilation system.

Although existing research focuses mainly on small volatile compounds,>23 our results
revealed the presence of a wide range of organic AACs and NH,* salts in the air of a com-
mercial poultry farm. Large organic AACs can act as potential precursors to NH;. Elevated
concentrations of organic AACs in the indoor environment could influence the production
and removal of NH,, ultimately affecting the nitrogen cycle in these settings. AACs exhibit
a variable distribution across three indoor phases. In the gas phase, NH; and DMA were
quantified, with concentrations comparable to those reported in the literature.2"32 In the

particle phase, NH,* concentration was notably higher than that of the litter, suggesting
that there may be unrecognized sources of NH,*. Large organic AACs, including UA, GUA,
and many other amines, were also detected in airborne particles. These compounds could
be inhaled directly or serve as precursors to NH,. The litter bedding serves as the primary
reservoir for all AACs present in other phases, especially for the formation of NH,, as it
offers a potential reaction site for microbial decomposition.

Our time-resolved measurements have revealed clear and novel relationships between
animal activity, total suspended particles, and individual inhalable chemicals. These obser-
vations suggest that 1) there are significant differences between day and night concentrations
of TPM and AACs, 2) spikes in both TPM and AACs levels are associated to events that
trigger intense animal activity, and 3) total AACs occupy a notable proportion in the TPM.
Prolonged exposure to airborne AACs and dust particles by chickens can not only decrease
the quality of life of chickens, but can also undermine the effectiveness of investments in
breeding. In addition, events that cause sudden increases in airborne AACs can pose health
risks to farmers, especially when proper personal protective equipment is not used.

Our study has provided new insights into air pollutants that contribute to the formation
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sos of gaseous NH;. Based on our findings, addressing indoor air pollution in poultry housing
s6 1S not a simple task. Controlling NH, formation requires the management of its precursors,
s which includes a wide range of organic AACs. Therefore, the removal of AAC precursors in
s the environment would be beneficial, and future studies should focus on developing technolo-
s9 gies that facilitate this process. Furthermore, our study highlights the importance of chem-
s0 ical partitioning of AACs within farm environments. Pollutants are unevenly distributed
s11across three indoor phases. More studies are needed to develop new waste management and

s ventilation strategies.
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Tables

Table 1: Comparison of amino species with other literature*

Gas Particle (Mass) Litter (Mass)
Chemicals Literature This work Literature This work Literature This work
NH3/ NH L 2.8-24.2 ppm>438°81 5 40 ppm 5.45% % 1.53%52 18.41% + 7.76% | 0.36%-0.78%384 1.29% % 0.15%
DMA <0.57 mg/m3 328 0,058 mg/m3 N/A Below LOD N/A 0.011%
UA N/A Below LOD N/A 1.43% * 0.28% | 0.78%-3.0% 8587  2.64% + 0.17%
Total Particle N/A N/A 0.05-9.61 mg/m3288288  7.3-36.8 mg/ms3 N/A N/A

*All percentage (%) and ppm units represent the mass concentration of the compound relative to the mass

of the corresponding matrix (gas, particle, or litter).
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Figure 1: Layout of sample collection, derivatization, analysis, and inter-comparison. OPC:
optical particle counter, IAQ: indoor air quality, PILS: Particle into liquid Sampler, TsCl:
p-toluenesulfonyl chloride, LC-ESI-MS: liquid chromatography electrospray ionization mass
spectrometry, SMPS: scanning mobility particle sizer.

35


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00254g

w waRENA cossehriisl & PuhlisiedoniRB Rebruan,225.,0onieded an2/26/2025.1Q25:01PM s~ b o N v U1 & W N =

S 3 ) TR it cfei <R o ekt ominhs Rifbutr ¢ Urortt Mo

A~ bp D
w N =

cuvuuuuuuuuubddddDDdNiN
SLVONOOULNWN=OOVOONO U N

Environmental Science: Processes & Impacts Page 36 of 40

View Article Online

DOI: 10.1039/D4EM00254G

1.2 x10°
w et/ DMA 1 Airsample
5 1 Particle sample

1 Litter sample

MS Signal (CPS)

Retention Time (mins)

Gas / Particle Ratio

3
7.0x 10
—

- _1rr
NH3 DMA | PUT = CAD

Figure 2: Identification of AACs in air, particle, and litter phases, A) Extracted ion chro-
matogram of identified AACs, certain peaks are scaled for better visualization; B) Predicted
gas-particle ratio of selected AACs by Extended Aerosol Inorganic Model (E-AIM). These
AACs are selected as their thermodynamic data are available in the library.
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Figure 4: Time-resolved measurement of particles in the poultry farm, A) Time series of UA
and TPM; B) Correlation plot between two sets of data. Error bars for UA in A) represent
the standard deviation of PILS collection (6.7%) obtained from quality control experiments.
The LOD of UA in particles is 16 yg/m3 represented by the dashed line in panel A.
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