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5  Environmental Significance

6 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.

8  It is important to characterize these chemicals in poultry farms, as many of these AACs
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9  are precursors to ammonia which can significantly degrade air quality. Our research has

10  discovered many AACs on the farm and highlighted their partitioning between air, particles,

11  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

14  implications of indoor air pollution on the welfare of animals and the occupational health of

15  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

20 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

22 studies have identified ammonia and small volatile organic pollutants in poultry farms.

23 However, the characterization of large AACs, such as uric acid (UA) and large amines,

24 has rarely been reported, although many of them have been proposed as the main

25 form of biological nitrogen waste. Our goal is to provide information on organic amino

26 pollutants in poultry farms. This project includes an online aerosol sample using a

27 particle-into-liquid sampler (PILS) and an offline chemical analysis using liquid chro-

28 matography mass spectrometry (LC-MS). With a selective characterization of AACs

29 in a poultry farm, we found that UA and suspended particles are correlated with on-

30 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, NH3,

32 NH4
+, and large amines. The observation of these indoor pollutants has implications

33 on the formation of dust particles and ammonia, and the results can benefit the poultry

34 industry in solving persistent IAQ problems.
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35  Introduction

36  Indoor air quality (IAQ) has become increasingly recognized for its impact on public health

37  and well-being in past years.1 Recent studies have shown that the air quality in residential

38  homes is influenced by human emissions,2,3 animal or biological activities, and chemical

39  processes.4,5 The IAQ of the workplaces is just as crucial as that of residential settings,

40  given that many contemporary occupations occur indoors.6 While government agencies have

41  established general IAQ protocols,7 workers may be exposed to air pollutants unique to their

42  specific occupations, indicating a need of tailored standards. For industries that are the main

43  emitters of air pollutants, workers can experience prolonged exposure to concentrations that

44  exceed safety thresholds, threatening both their productivity and occupational health.8,9

45 The US Department of Labor has identified common biological, chemical, and particu-

46 late pollutants in commercial and institutional indoor buildings, but has also provided only

47  general administrative and control guidance.10 Managing IAQ in workplaces with diverse

48  indoor environments remains challenging, as general benchmarks are insufficient to ensure

49 clean air. Research has shown that air pollution in office environments not only causes

50  discomfort, but also contributes to cardiovascular or respiratory diseases.11–14 For industries

51 that predominantly involve indoor activities, such as exhibitions,15,16 entertainment,17,18 and

52  beauty industry,19,20 exposure to volatile organic compounds (VOCs) is a significant concern.

53  Similarly, the poultry industry faces severe air quality challenges. with elevated levels of air

54  pollutants such as carbon dioxide (CO2),21 ammonia (NH3), particulate matter (PM10 and

55 PM2.5),22 and VOCs.23 These pollutants are often associated with reduced chicken produc-

56  tivity and welfare,24–26 yet systematic studies remain limited. Despite the widespread of air

57  pollution problems in commercial poultry farms,27,28 the cost of implementing additional air

58  quality control measures often discourages producers from taking action. 29

59 The primary source of air pollutants in poultry facilities is manure, which can be easily

60  resuspended by birds’ activities.30 Airborne amino chemicals (AACs) are common air pollu-

61  tants in these environments, often characterized by their odorous and toxic nature.31 Small
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62 and highly volatile aliphatic amines and NH3 are the most frequently detected and monitored

63  compounds, knowing their strong odors and high concentrations.28,32,33 NH3 serves as a key

64  indicator of IAQ in poultry facilities, and should be kept below 25 ppm, according to Cana-

65  dian Council on Animal Care (CCAC).34 This level also represents the threshold at which

66  hens exhibit aversion.35 High concentration of NH3 can be negatively impact chickens, lead-

67  ing to reduced body weight gain, poorer calorie conversion, and weakened immune system

68  functions.36 However, chickens are typically not the direct source of NH3; instead, various

69  organic amino wastes from animals act as its precursors. For example, enzyme-assisted mi-

70 crobial decomposition of uric acid (UA) is a major contributor to indoor NH3.37,38 Therefore,

71 it is necessary to comprehensively understand these compounds within poultry farms. By

72  implementing targeted measures, producers can indirectly improve their management of NH3

73  pollution, thus mitigate the risks associated with both farmer health and animal welfare.

74 UA is a common biogenic amino chemical found in both animal and plant bodies,39,40

75  and is abundant in agricultural facilities that contain animal and plant waste. Although UA

76  is the main source of nitrogen in such settings,41–43 its presence in aerosols and the indoor

77  atmosphere is rarely documented. Airborne UA can not only contribute to an elevated con-

78  centration of total AAC, but can also enter the respiratory system.44,45 It remains unclear

79 whether airborne UA can facilitate the accumulation of suspended dust or if any adverse

80  health effects are associated with chronic exposure. Furthermore, the microbial decomposi-

81  tion of UA produces CO2 and NH3, both of which are critical indicators of IAQ. 46,47

82 In addition to UA, numerous organic AACs are known to serve as precursors of small

83  inhalable amino species. 48 Characterizing these compounds can be challenging23,49,50 largely

84  due to limited analytical techniques.51 Amines, such as cadaverine (CAD), putrescine (PUT),

85  urea and guanine (GUA), are often found in chicken products and are decomposition products

86  of large bio-molecules.52,53 These AACs can also been emitted into the atmosphere and

87  contribute to total VOCs.54,55 Amines are often involved in acid-base chemical reactions due

88  to the basic amino group. Consequently, changes in surrounding environmental conditions,
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89 such as temperature, ions, or pH, can influence their emission into the farm air.56,57

90 The objective of this study is to provide detailed information on nitrogen emissions in

91  indoor poultry farms. First, we will demonstrate a time-resolved collection and quantification

92 of AACs. Second, we will evaluate the distributions of the AACs in different indoor phases,

93  including air, particles, and litter. Third, using UA as an indicator, we will explore the

94  correlation between AACs and IAQ parameters by monitoring aerosol time profiles. The

95  findings of this work would expand our understanding of air quality in the animal husbandry

96  industry, thereby supporting future efforts to improve animal productivity and the well-being

97  of producers.

98  Material and Methods

99  Chemicals and Materials

100  The deionized water used in this study was made using a Thermo-Fisher Scientific BarnsteadT M

101  E-PureT M Ultrapure Water Purification System. HPLC grade acetonitrile, boric acid (>99.5%),

102  formic acid (98-100%), ammonium hydroxide (NH4OH) solution (28% NH3 in water), uric

103  acid (>99%), guanine (98%), allantoin (>98%), urea (99.0-100.5%), p-toluenesulfonyl chlo-

104  ride (TsCl) (>99%) were purchased from Sigma-Aldrich. Sodium hydroxide pellets were

105  purchased from Fisher Chemical.

106 Two buffers were prepared for sample collection and extraction. A 0.25 M sodium borate

107  buffer was prepared by dissolving boric acid solids in deionized water, with its pH then

108  adjusted to 9.0 by NaOH. A 0.1% formic acid scrubbing solution (pH = 2.7) was prepared

109  by dissolving formic acid in deionized water. These two solutions are herein referred to as

110  the basic buffer and the acidic scrubber to be used in subsequent steps.

Page 5 of 40 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

25
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4EM00254G

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


6

111  Sample Collection and Treatment

112  Aerosol samples were collected using a particle-into-liquid sampler (PILS) (Model 4001) and

113  an auto collector manufactured by Brechtel Inc. The PILS is equipped with a gas denuder, a

114  particle impacter, and a sample inlet tube. The gas denuder contains active charcoal strips

115  that can remove gaseous compounds from the sample air. The particle impactor allows

116 particles smaller than 2.5 µm in diameter to pass through. The inlet tube is a 30-cm long

117  stainless steel tube, whose diameter is 0.5 inch. The number, mass and size of aerosols are

118  monitored by an optical particle counter (OPC) (Model 11-C) manufactured by Grimm Inc.

119  The density of all types of aerosols was assumed to be 2 g/cm3 during its operation. However,

120  we acknowledge that the atmosphere of poultry farms is distinct from ambient atmosphere,

121  hence this assumption may not be accurate in farm-alike environments, hence would bring

122  errors when calculating the particle mass concentration.

123 Figure 1 is a schematic of the approaches taken to measure AACs in indoor poultry

124  facilities. Preliminary functionality tests of all but intercomparison instruments involved

125  in Figure 1 were performed at the Poultry Research Center (PRC) of the University of

126  Alberta. The PRC farm had floor-pen housings for a small flock of 70-75 birds, and the

127  entire barn area had about 1200 birds. Commercial farm samples involved in this study

128 were collected on a farm located near Camrose, Alberta, Canada (Figure S1). The farm was

129  a completely indoor, organic, and free-range table egg facility. The barn we sampled was

130  the home of 8000 birds at approximately 60 to 70 weeks of age. On the commercial farm,

131  four trials of instrument testing and sampling were carried out between November 2022 and

132  March 2023. During these preliminary activities, we identified the most suitable location

133  for the instruments in the barn, such that our collection would receive minimized impact

134 from farmers’ activities and farm machines. We also determined the intake rate of PILS and

135  OPC, which will be used for quantification in the latter sections.

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

137  and the gas flow rate was controlled by an Alicat mass flow controller at 0.7 L/min for 30
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138  min. Upstream of the pump, a 0.2 µm Watman filter was installed to remove the incom-

139  ing particles. This filter was extracted by stirring in the basic buffer for 1 hour, and the

140  resulting extract was submitted to the Natural Resource Analytical Laboratory (NRSL) at

141  the University of Alberta for anion analysis. The acidic scrubber described above was used

142 to maximize the collection of the gaseous NH3. We also evaluated the scrubbing capacity

143 of our acidic solution. Under the maximum regulated indoor concentration NH3 (25ppm),

144  the molarity of formic acid in the solution is still approximately 40 times higher than NH3

145  collected throughout the gas sampling period. The acidic solution thus will not lose the

146  scrubbing efficiency during sampling. However, the collection efficiency of an impinger can

147  be affected by its design, for example, residence time, surface area of contact, or flow rate.

148 These parameters were not optimized in our study and there is no other NH3 analyzer on

149  site for reference. While we assumed that the impinger achieved a 100% collection efficiency,

150 our reported NH3 concentration may underestimate the actual value.

151 The temporal profile of particles was collected by the OPC, and time-resolved aerosol

152  samples were collected by PILS and its autocollector in the basic buffer for subsequent

153  chemical analysis. Here, the collection was carried out in the basic buffer, as it showed a

154 stronger response to most AACs, including UA, than the acidic scrubber solution (Section

155 S2). We note that the basic buffer can compromise the collection of NH4
+ as the pH of the

156  buffer is close to the pKa of NH4
+. We expect that a portion of NH4

+ may evaporate after

157  being collected, which means that our reported value can underestimate the actual value.

158  The solvent was driven by a peristaltic pump at a rate of 0.3 mL/min, the resulting solution

159  was then injected directly into a 1.8 mL autosampler vial every 2 min. Due to limited slots

160  in the autosampler, sometimes, these samples were also collected in a 12 mL vial every 20

161 minutes for prolonged collections.

162 Chicken litter samples were collected by hand picking five random locations within the

163 farm. The five samples were pooled by shaking them in a 20 mL glass vial after collection.

164  In the laboratory, a portion of the litter was weighed and extracted using an orbital shaker in
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165  20 mL of basic buffer at room temperature for an hour. We noted that the litter sample was

166 a mixture of chicken manure and bedding materials made primarily of wood pellets (Figure

167  S3 in the SI). Therefore, the concentration of AACs will vary depending on the ratio between

168  chicken manure and wood pallets. For example, if one portion of the litter contains more

169  chicken manure materials, it would likely have more AACs.

170 In this paper, we report a set of results obtained from one sampling campaign on the

171  commercial farm. This campaign was conducted on April 13, 2023, and involved all types

172 of samples mentioned above. On this day, we collected a set of samples containing 50 PILS

173  samples, a time series of OPC samples, one vial of gas impinger sample, and approximately

174  10 grams of homogenized litter sample. April is in the winter season of Alberta, Canada.

175 During this season, the ventilation of the air in the barn was usually minimized to reduce

176  the loss of heat to the outdoor environment, hence the farm IAQ is expected to be the worst

177  of the year. The lighting in the barn is governed by incandescent light bulbs that are covered

178  with red plastic covers. Farmers advised us that red light could reduce chicken anxiety. After

179  the sampling campaign, all field samples were analyzed on the same day in the laboratory.

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

181  Derivatization and Chemical Analysis of AACs

182  The primary chemical analysis instrument was the Thermo-Fisher Accela Liquid Chromatog-

183  raphy (LC) system and Thermo-Fisher LTQ-XL mass spectrometer operated in positive

184  electrospray ionization mode (ESI+). The ESI is a soft ionization source that retains molec-

185  ular ions at the source, and hence it is suited for observing unknown species. The LTQ-XL

186 offers a rapid scanning rate, while also having adequate resolution for the preliminary spe-

187  ciation and tracking of selected TsCl derivatives. The column for LC separation was a

188 Phenomex Luna Omega polar C-18 column, dimension 150 mm × 2.1 mm × 3 µm. An Or-

189  bitrap high-resolution mass spectrometer (Thermo-Fisher Exactive Orbitrap) was also used

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

192 The derivatization was performed directly inside the autosampler vial. The derivatization

193  method was developed and modified from Rudnicka et al.58 All samples were mixed with

194 0.052 M TsCl solution in acetonitrile and prepared in the basic buffer. The derivatization

195 takes at least two hours in a 50 ℃ water bath. All derivatized samples were analyzed using

196  the positive mode of LC-ESI-MS, in which molecular ions are detected as [M+H]+. Details

197 and settings for this instrument are listed in Section S3 of the SI.

198 TsCl is known to be selective towards amino and alcohol groups, forming sulfonamides

199  and sulfonates by nucleophilic tosylation. 59,60 The resulting sulfonates and sulfonamides have

200 higher molecular weight and lower polarity, thus improving the separation of amino com-

201  pounds in the reverse phase C18 column. In addition, since alcohol-derivatized sulfonates are

202  only stable under highly basic conditions, 61 the mildly basic condition used here only retains

203  stable amine-derivatized sulfonamides. All TsCl derivatives were first identified according to

204  their molecular weights in high-resolution orbitrap MS with empirical formulae. Identities

205  of potential amines are further confirmed by referring to commercial standards.

206 We selectively quantified UA and NH4
+ in our sample with external calibration methods.

207  UA calibration curve was performed in the basic buffer and had five data points ranging

208  from 0 to 400 µM, with the R2 value greater than 0.9990. NH4
+ calibration curve had six

209  data points ranging from 0 to 20 mM, with the R2 value greater than 0.9990.

210  Identification of TsCl Derivatives

211  TsCl derivatives were identified by signature isotopic profiles (Figure S8), as the sulfur in

212  the TsCl derivative can result in separated peaks at the mass of [M+2]+ position. Due to

213  the mass of [34S−32S] being smaller than 2×[13C−12C], the lighter peak at this position is

214  [M(34S)]+, and the heavier peak is the combination of [M(13C2)]+ and [M(14C)]+. Further-

215  more, since the natural abundance of 34S is higher than 14C or 13C, the lighter peak will

216  be more intense.62 Suppose that the only source of sulfur in our samples was TsCl, any
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4

217  compounds that contain this isotopic peak pattern are its derivatives. Details about this

218  identification method can be found in Section S5.

219  Modeling and Assumptions

220 The phase partition of selected AACs between the gas phase and suspended particles was

221  estimated using the Extended Aerosol Inorganic Model (E-AIM, http://www.aim.env.uea.

222  ac.uk/aim/aim.php). Concentrations of neutral and ionic forms of these AACs in both the

223  aqueous phase and the gas phase were estimated using Model 2. Input parameters of the

224 model are based on our observation and are listed in Section S3. The primary reason for

225  using E-AIM is that the sample of particles and litter collected on the poultry farm is rich

226  in anions. In addition, the partition of many primary and secondary amines is strongly

227  influenced by inorganic ion concentrations and aqueous dissociation. 63,64 Hence, using E-

228  AIM is appropriate as it considers thermodynamic equilibrium between the neutral and

229  protonated form of amines.

230 A few assumptions are made to execute the model simulation. 1) The partition of AACs is

231  assumed to take place only between the particle and gas phase. 2) Modeled water-soluble ions

232 are only H+, NH4
+, SO4

2-, and NO3 
– per the model design. 3) The extraction efficiency of

233  anions from the filter sample is assumed to be 100%, as the NH + form of sulfate and nitrate

234  are very water-soluble. 4) Modeled organic compounds are only dimethylamine (DMA),

235  PUT, and CAD, due to the limited availability of thermodynamic properties in the E-AIM

236  library.56,57 5) Since we did not observe CAD in particles, the modeled CAD concentration

237  in the particle is assumed to be approximately 100 times lower than PUT, according to their

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

239  Quality Control and Instrument Validation

240  Thermo 17i NH3 analyzer and a scanning mobility particle sizer (SMPS, TSI Inc.) were used

241  to evaluate the efficiency of PILS. The SMPS includes a diffusion mobility analyzer (Model

Page 10 of 40Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

25
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4EM00254G

http://www.aim.env.uea/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00254g


11

242  3080) and a condensation particle counter (Model 3775).

243 Although the PILS is designed to collect particles, a trace amount of gaseous chemi-

244 cals may penetrate the gas denuder. To determine this potential bias, we performed an

245  inter-comparison experiment between PILS and Thermo 17i ammonia analyzer. During this

246  experiment, both PILS and Thermo 17i had collected laboratory-generated ammonia and

247  ammonium bisulfate particles from the same chamber. In addition to the efficiency of the gas

248  denuder, we have also obtained the standard error of the PILS collection (6.7%), which will

249  serve as error bars in the following quantitative analysis in this study. Detailed information

250  on this experiment can be found in Section S4 in the SI.

251 Due to technical constraints, our lab-generated NH3 could only reach approximately 100

252  ppb in the gas phase (Table S4). This is about 1-2% of the concentration we observed in the

253  farm (presented in following sections). Hence, we were unable to fully reproduce the farm en-

254  vironment in our inter-comparison experiment, and some assumptions were necessary. First,

255  the PILS operation parameters are the same between the laboratory and the farm, such as

256  the peristaltic pump rate, the air pump rate, the denuder efficiency, and the particle impacter

257  efficiency. Second, our reference instrument (Thermo 17i) reflects the actual NH3/NH4
+ con-

258  centration in the chamber, although it has been shown that its accuracy varies between 3.7%

259  to 10.5% on average according to the US Environment Protection Agency (EPA).65

260 Without the gas denuder, PILS collected 59.1% of the gas phase NH3 - related to the

261  NH3 analyzer. When the denuder was mounted, the penetrated concentration of NH3 was

262  below the detection limit of LC-MS (LOD, 20 ppb, converted to gas phase), which can

263  over-estimate the denuder efficiency. As a result, we performed another test using DMA,

264  which has a better LOD (0.25 ppb), to help determine the denuder efficiency (96.3%). We

265  acknowledge that the farm contains a much higher concentration of gases than our chamber,

266 and the denuder penetration was expected to be higher on the farm. As a result, the actual

267 denuder efficiency was expected to be lower than our reported value. This limitation implies

268  that the characterization of PILS denuder efficiency requires a more dedicated experiment
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269  setup in future studies.

270 PILS was designed to collect fine particles (30 nm and above). Although the literature

271  has shown that the collection efficiency between 30 nm and 10 µm is greater than 97%,66

272  a portion of the salt particles generated in this experiment was less than 30 nm, which

273  was outside the optimal range of PILS. We noted that the NH3 analyzer is also capable of

274  measuring aerosols containing NH4
+. Its oven (approximately 800°C) evaporates the NH4

+

275  particles into NH3 which is then oxidized by catalysts. NH3 is converted to NO, which is

276 then oxidized by O3, eventually being detected as photons emitted from excited NO2. This

277  process is known as chemiluminescence. In this specific inter-comparison, PILS-LCMS has

278  quantified 71.8% of NH4
+ particles relative to Thermo 17i. Higher efficiency can be achieved

279  when the particle size is larger according to the PILS working fundamentals. 66,67 According

280  to the size distribution collected by the OPC (shown in Figure 5 in the latter section), many

281  particles in the poultry farm are large particles between 2-20 µm. Therefore, biases due to

282  ultrafine particles would be rather negligible.

283 A test for UA extraction and derivatization efficiency was performed by injecting a stan-

284  dard solution with a known concentration into litter bedding samples during extraction. Two

285 sets of samples containing five pairs of spike-non-spike samples were prepared. The recovery

286 value obtained was 72.7% ± 11.5%. Furthermore, we also performed a stability test of the

287 derivatized sample to account for the sequence queueing time in the autosampler. This was

288  done by repetitively analyzing the same derivatized UA. Through this experiment, the de-

289  cay rate of the calibrated UA chromatography peak is found to be approximately 0.04% per

290 minute, with the R2 value equals to 0.82. We determined that this signal decay is due to a

291  gradual conversion of single-derived UA to its double-derived form, as samples are waiting to

292  be analyzed. Additional details can be found in Sections S4 and S5, and the corresponding

293 correction to sample degradation has been applied to our time-resolved data series.
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294  Results and Discussion

295  Identification of AACs in Different Phases

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

297 and proposed 10 species through library matching, as summarized in Section S5. Using

298  commercial standards, we further identified NH3, DMA, GUA, UA, PUT, and CAD, urea,

299  and allantoin (ALA). It should be noted that trimethylamine is often abundant and is fre-

300  quently reported in livestock facilities.31,32,68,69 However, it is inert to derivatization because

301  TsCl cannot react with any tertiary amine due to the absence of active amino groups.

302 The phase distribution of AACs among gas, particles, and litter was evaluated using a

303  targeted analysis (Figure 2A). We observed a general variation of AACs in different phases,

304  indicating that phase partition of AACs plays a key role in the indoor environment. Volatile

305  organic AACs tend to remain in the gas phase rather than in the particle phase, as the dust

306  contains a limited moisture content (with a relative humidity of roughly 0.3 according to

307  farm monitors) to dissolve volatile compounds. Larger AACs, such as UA, are restricted

308  by their low volatility and are therefore absent in the gas phase. In contrast, the litter has

309  a higher moisture content than the dust, allowing it to retain volatile species. To support

310  our observations, we simulated the phase partition of NH3, DMA, CAD, and PUT using the

311  E-AIM model in Figure 2B.56,57,70 The model predicts the concentration of AACs in each

312 phase, with the gas-particle ratio calculated based on these predicted concentrations. Input

313  parameters, including anion concentrations and organic AAC concentrations, are derived

314  from results obtained from NRSL and our LC-MS analysis (Table S3).

315 Figure 2A shows that the gas phase contains only NH3 and DMA. According to the E-

316  AIM model prediction, these two compounds have high predicted gas-particle ratios (1.1×105

317  and 7.0 × 103, respectively), indicating their strong preferences for partitioning into the gas

318  phase. In contrast, the gas-particle ratios of CAD and PUT are as low as 1.6 and 1.2,

319  indicating that a relatively small fraction of compounds are volatile, compared to NH3 and
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320  DMA. The low concentrations of gaseous CAD and PUT could fall below our LOD and

321  hence be absent in our gas sample.

322 UA, GUA, NH4
+, and PUT are detected in the particle phase, suggesting that they

323  are the dominant amino component in suspended dust particles. Therefore, these AACs

324  are more likely to be inhaled by chickens and farm workers. Depending on the size of the

325 particles to which they have been attached, these chemicals can be deposited in different

326 sections of the respiratory system. The absence of DMA in the particle phase agrees with

327 the prediction from the E-AIM model. Because the gas-particle ratio is 7 × 103, most DMA

328  would be volatile. In addition, unlike NH3, which can form inorganic salts, there are very

329  few ionic compounds that DMA can produce. Hence, it is unlikely for DMA to remain in

330  the particle phase.

331 Compared to gas and dust samples, chicken litter contains the widest range of AACs.

332 The peak of UA in this phase is much higher than that of other chemicals, exemplifying its

333  potential dominance in the litter. The presence of volatile DMA in the litter could be due

334  to its attachment to the moisture content of the litter, or its entrapment within the porous

335  structure of litter particles. Urea and ALA are detected exclusively in the litter, suggesting

336  their inability to be retained in particles or gas. Additionally, the detection of these two

337  compounds indicates that the litter is the reaction site of UA decomposition, as they are

338 known intermediates in this process. 46,47 This observation implies that the litter serves as a

339  continuous source and reservoir for NH3 within the barn.

340 Distribution of amino Species in Each Phase

341 In the previous section, AACs exhibited a diverse distribution pattern across three indoor

342  phases. This section focuses on determining the concentration of individual AACs in these

343  three phases, as shown in Figure 3, with anion molarity ratios shown as inserts. Gas phase

344 concentrations were calculated on the basis of the total volume of air sampled using the

345  impinger. Particle phase concentrations were derived from LC-MS calibration results and

Page 14 of 40Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

25
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4EM00254G

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


15

346  then compared to the total particle mass (TPM) obtained by the OPC. Litter phase concen-

347 trations were calculated related to the dry mass of fresh litter. To determine the dry mass,

348 the litter sample was baked in a 60℃ oven overnight, with the loss of mass approximated as

349 the water content. For extraction, we decided to extract fresh litter instead of dry litter be-

350 cause the loss of volatile AACs would be inevitable during the drying procedure. The anion

351  molarity ratios were determined using the colorimetric method of the US EPA, 71 performed

352  by NRSL. We did not conduct a cation analysis due to the scope of the study and limited

353  instrument availability. As a result, our anion measurement reflects only the distribution of

354  ammonium salts in the sample.

355 For the anion molarity ratios, only phosphate, chloride, sulfate, nitrite, and nitrate were

356  determined. These five anions are among the most abundant anion species in our sample.

357  Other anions are likely present, such as conjugated bases of organic acids, which could

358  also contribute to total ammonium. However, we were unable to provide a comprehensive

359  overview as a result of the limited instrument and method capacity. We acknowledge that

360 our reported percentages may be overestimated and serve as a preliminary quantification.

361 According to the pie chart insert in Figure 3A, a moderate correlation is observed between

362  the litter and the particle phase. In the particle phase, phosphate accounts for approximately

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

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

365  anions, followed by nitrate and sulfate. Unlike the particle phase, chloride has only occupied

366  a minimal ratio in the litter.

367 The high phosphate content in chicken litter is consistent with the literature, indicating

368  that it originates primarily from direct excretion through manure.72 This suggests that the

369  significant presence of phosphates in airborne particles may be due to the suspension of

370  litter caused by air circulation and animal movement. Chloride is the second most abundant

371 anion in particles; however, its relatively low proportion in the litter implies the existence of

372  other sources of airborne chloride in addition to chicken manure. According to the producer,
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373  chicken feed contains various chloride compounds, such as choline chloride, suggesting that

374  airborne chloride may partly originate from the feed. Overall, the presence of anions in both

375 particles and litter has indicated a significant inhalable exposure to phosphate salts for both

376  animals and workers, raising concerns about potential phosphate toxicity. 73

377 The gas phase contains 5.40 ppm of NH3 and 0.047 ppm of DMA, shown by the box

378 inserted in Figure 3A. In the particle phase, the mass fractions of each AACs are calculated

379  relative to an hourly averaged TPM concentration of 19 mg/m3, according to the OPC.

380 NH4
+ account for over 18% of the TPM, while this proportion is approximately 14 times

381  lower in the litter (1.29%, Figure 3B). This substantial difference suggests the presence of

382 unidentified sources of NH4
+ in airborne particles. The litter had a higher mass concentration

383  of UA (2.64%) than that of particles (1.43% ± 0.28%), indicating that the litter is a major

384  source of airborne UA. CAD occupies 0.32% of the litter mass, ranking as the third most

385  dominant amino chemical. DMA has the lowest mass ratio among all AACs (0.011%), likely

386  due to its high volatility and low molecular mass. It should be noted that we are unable to

387  determine the source of these amines, but the existing literature suggested that the microbial

388  metabolism of amino acids could be a contributing pathway.74

389 The commercial poultry farm presents a highly dynamic indoor environment, making

390  it challenging to define typical concentrations for most of the indoor pollutants. Airborne

391  chemicals are often influenced by factors such as chicken activity, ventilation, and farm

392  infrastructure. To provide context, we compared our observation with existing studies in

393  Table 1. In the gas phase, our measured NH3 concentration falls within the range reported

394  in the literature and remains below the CCAC limit of 25 ppm. 34 In the particle phase,

395  our measured NH4
+ concentration is of the same order of magnitude as the reported value

396 but is three times higher, likely due to varying farm conditions. Our high time-resolution

397 measurements captured periods of intense chicken activity, leading to an elevated average

398 NH4
+ and greater variability. Consequently, poultry farms are expected to exhibit rapid

399 temporal fluctuations in suspended chemicals, closely related to chicken activities. Beyond
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3 4400  NH or NH +, many other AACs remain unreported in the existing literature, making our

401  results a potential reference for future research.

402  Dust and Chemical Correlation

403  To explore the correlations of AACs with other indoor conditions, such as farm lighting

404  and common IAQ parameters, we obtained PILS samples near the evening of the sampling

405  day. This particular day was chosen for several reasons: First, the outdoor temperature

406  was moderate, representing a typical winter day in the local Alberta. Second, the producers

407  planned to remove the birds from the farm in the evening, providing a unique opportunity

408  to observe the direct impact of human-induced chicken activities on airborne compounds.

409  Third, this timing allowed us to study the diurnal cycle of IAQ on the farm, as it covers the

410 complete sleep-wake cycle of chickens within a short evening.

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

412 and the shading of the background indicates the change in the lighting conditions in the

413  barn. UA and TPM concentrations were plotted against each other to elucidate their cor-

414  relations (Figure 4B). We differentiated our sampling period into three zones: day-time,

415  sunset, and night-time, each of them stands for different light intensities. The farm light had

416  the maximum output during the day-time (white zone) and gradually dimmed during the

417  sunset (light gray zone). During the night-time, there were no lights inside the barn (dark

418  gray zone).

419 During the day-time, the TPM fluctuated around 3×104 µg/m3 while the UA concentra-

420  tion can be as high as 500 µg/m3. The UA concentration constitutes approximately 1.5%

421  of the TPM, which is consistent with the results presented in Figure 3. To highlight the

422  potential occupational health risks due to polluted farm air, we conducted a brief estimation

423  of human exposure to airborne chemicals at these TPM and UA levels. Assuming TPM

424  and UA concentrations of 20 mg/m3 and 250 µg/m3, respectively, and using a typical adult

425  breath rate of 6 L/min,75 farm workers are estimated to inhale 1.5 µg of UA per minute.
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4426 Considering the previously mentioned NH + ratio of 18%, farm workers would also inhale

427  21.6 µg of NH4
+ per minute during their shift.

428 The elevated day-time airborne dust and chemical are primarily attributed to chicken

429  activities. Based on our on site visual observations, most of the birds gather on the ground

430  during this period, and were in direct contact with the chicken litter. Bird movement can stir

431 up dust from the litter bedding, leading to increased concentration of both UA and TPM.

432  Fluctuations in the TPM levels are likely due to local activities of chickens, which creates

433  plumes of dust reaching our instrument. For instance, a notable spike in both TPM and UA

434  concentrations was observed at 17:05 during an intense activity event when chickens became

435  agitated.

436 During the sunset period, the chickens started moving to upper layers, which is a steel

437  rack and served as sleeping places for birds. As the steel rack was free of litter, the movement

438  of chickens could not suspend litter particles, leading to a gradual reduction of TPM in the

439  air. When night arrived, the chickens fell asleep quickly, so on regular days the concentration

440  of UA and TPM should have been maintained at a low level until the next morning. However,

441  as the producers were in the process of removing the flock from the facility, sleeping birds

442  awakened as the worker turned on the light. An increase in UA and TPM was observed

443  after 19:00. The time profile of the TPM exhibited multiple sharp peaks that were not

444  observed during the day-time. It is likely caused by farmer-induced localized and sporadic

445  bird activities. The UA profile has shown rather a single broad peak than multipeaks,

446  primarily because of the reduced PILS sampling frequency according to our sequence design.

447 The correlation between PILS and OPC results (R2 > 0.8) is shown in Figure 4B. These

448  two instruments were co-located during measurement. The regression analysis indicates that

449  1) particles are the main carrier of airborne UA, which is consistent with the discussions in

450 previous sections, and 2) the fluctuating concentration of airborne UA reflects changing

451  chicken activities on the farm. This consistency also indicates that UA shares a relatively

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

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

455  cles, considering PILS has a minimum particle size threshold of 30 nm for optimal collection

456 efficiency. A 2-D contour plot was generated to illustrate the concentrations of particles

457  in different OPC size bins, ranging from 0.25 µm to 32 µm (Figure 5). It is important to

458  note that this size range is determined by the instrumental cut-off, as the OPC operates

459  based on the Mie scattering of particles. According to Figure 5, most of the particles were

460 found to exceed the minimum size requirement of PILS, indicating that the collection would

461  fall within the effective working range of PILS, therefore maximizing collection efficiency

462  (97%).66

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

464 chickens. The corresponding PM2.5 concentration was well above 1000 µg/m3 until 16:30.

465  Combining with the observed 1.5% ratio, the estimated UA in PM2.5 was more than 15

466  µg/m3 during this period. Although there is no current indoor PM2.5 exposure limit set by

467 the Canadian government, our observed concentration is a few orders of magnitude higher

468  than the Canada-wide 24-hour standard (27 µg/m3).76 Therefore, farmers should be aware

469  that their working environment is much worse than the federal standard. In addition, chicken

470  pulmonary systems have been found to be highly susceptible to pathogens.77 Exposure to

471  elevated particulate matter can induce cardiotoxicity in chicken embryos 78 and reduce growth

472  performance in hatched birds. 79

473  Conclusions

474  Our project has demonstrated the most comprehensive exploration of airborne amino chem-

475  icals (AACs) within a commercial poultry farm. This study has identified and quantified a

476  range of organic and inorganic AACs, many of which have never been previously evaluated.

477 Amino species share a large proportion of chemicals in commercial poultry farms. Elevated
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478  concentrations of these chemicals can directly degrade indoor air quality, which can pose

479  risks to the occupational health of workers. More importantly, a high level of AACs can neg-

480  atively impact the welfare of birds, reduce productivity, and undermine the cost-effectiveness

481  of investments in the farm ventilation system.

482 Although existing research focuses mainly on small volatile compounds,21,23 our results

483  revealed the presence of a wide range of organic AACs and NH4
+ salts in the air of a com-

484 mercial poultry farm. Large organic AACs can act as potential precursors to NH3. Elevated

485  concentrations of organic AACs in the indoor environment could influence the production

486  and removal of NH3, ultimately affecting the nitrogen cycle in these settings. AACs exhibit

487 a variable distribution across three indoor phases. In the gas phase, NH3 and DMA were

488  quantified, with concentrations comparable to those reported in the literature. 21,32 In the

489 particle phase, NH4
+ concentration was notably higher than that of the litter, suggesting

490  that there may be unrecognized sources of NH4
+. Large organic AACs, including UA, GUA,

491  and many other amines, were also detected in airborne particles. These compounds could

492 be inhaled directly or serve as precursors to NH3. The litter bedding serves as the primary

493  reservoir for all AACs present in other phases, especially for the formation of NH3, as it

494  offers a potential reaction site for microbial decomposition.

495 Our time-resolved measurements have revealed clear and novel relationships between

496  animal activity, total suspended particles, and individual inhalable chemicals. These obser-

497  vations suggest that 1) there are significant differences between day and night concentrations

498  of TPM and AACs, 2) spikes in both TPM and AACs levels are associated to events that

499 trigger intense animal activity, and 3) total AACs occupy a notable proportion in the TPM.

500  Prolonged exposure to airborne AACs and dust particles by chickens can not only decrease

501  the quality of life of chickens, but can also undermine the effectiveness of investments in

502  breeding. In addition, events that cause sudden increases in airborne AACs can pose health

503  risks to farmers, especially when proper personal protective equipment is not used.

504 Our study has provided new insights into air pollutants that contribute to the formation
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505  of gaseous NH3. Based on our findings, addressing indoor air pollution in poultry housing

506  is not a simple task. Controlling NH3 formation requires the management of its precursors,

507  which includes a wide range of organic AACs. Therefore, the removal of AAC precursors in

508  the environment would be beneficial, and future studies should focus on developing technolo-

509  gies that facilitate this process. Furthermore, our study highlights the importance of chem-

510 ical partitioning of AACs within farm environments. Pollutants are unevenly distributed

511  across three indoor phases. More studies are needed to develop new waste management and

512  ventilation strategies.
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671  (39) Kacprzak, M.; Malińska, K.; Grosser, A.; Sobik-Szo-ltysek, J.; Wystalska, K.;
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814  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

NH /NH +
3 4 2.8-24.2 ppm21,43,80,81 5.40 ppm 5.45% ± 1.53%82 18.41% ± 7.76% 0.36%-0.78%83,84 1.29% ± 0.15%

DMA <0.57 mg/m3 32,85 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% 86,87 2.64% ± 0.17%

Total Particle N/A N/A 0.05-9.61 mg/m3 28,82,88 7.2-36.8 mg/m3 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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815  Figures

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.
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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 3: Distribution of amino species in A) particle phase and gas phase (as an insert), B) 
litter phase (dry mass). Only NH3 and DMA were detected in the gas phase, and their con- 
centrations are shown as an inset in A). Mass concentrations of NH4

+ were calculated based 
on molarity fractions of anions. Error bars represent one standard deviation of collection. 
The y-axis represents mass percentages of AACs, and pie charts represent the calculated
molarity percentage NH4

+ salts. Only two compounds were found in the gas phase, with
their concentrations more than 100-times different from each other. Therefore gas phase
distribution is only expressed as an insert in the panel A.
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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 µg/m3 represented by the dashed line in panel A.
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Figure 5: 2-D plot of the mass concentration distribution of all particle sizes throughout the 
experimental period. Temporal profile of PM2.5 concentration is illustrated against the right 
axis.
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