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Abstract

Gaseous amines play an important role in atmospheric chemistry, affecting both climate and
human health. They act as precursors to particles and break down to form potentially toxic
products. Cattle husbandry have been established as one of the predominant atmospheric
sources of gaseous amines, yet little is known about the emission rates of amines in this sector.
To increase the basic knowledge in this field, monomethylamine, dimethylamine, and
trimethylamine emissions were monitored during winter in a cattle barn at the Livestock
Production Research Center of the Norwegian University of Life Sciences at As over a period
of 46 days using a state-of-the-art mass spectrometer. The aim of this study was to determine
amine volume mixing ratios in air and to determine amine emission rates. Trimethylamine (22
+ 11 mg h! animal™) was found to be the most abundant methylamine emitted from the cattle
barn, followed by monomethylamine (1.9 + 0.9 mg h* animals™) and dimethylamine (0.49 +
0.17 mg ht animals™). For comparison, the emission rate of ammonia was found to be 1.5 +
0.6 g h'! animal. To the best of my knowledge, this was the first study to determine
monomethylamine and dimethylamine emission rates from cattle husbandry. Diurnal profiles
and statistical analyses of the three methylamines versus the temperature suggested a
temperature dependence of emissions, which was most apparent for monomethylamine. High
levels of correlation between the three methylamines and ammonia indicated common sources,
animal excrements being the most prominent candidate. However, laboratory measurements

suggested silage food as an additional, minor source of trimethylamine.
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1.Introduction and overview of the field

1.1 Amines in the atmosphere

Amines are a group of organic compounds that consist of a basic nitrogen atom with a lone pair
of electrons, and up to three alkyl or aryl groups. They are derivatives of ammonia (NHz) where
one or more of the H-atoms have been substituted, and are divided into three subgroups:
primary, secondary, and tertiary amines. A fourth group comprises the quaternary amines which

differ from the other three subgroups in being a charged species, i.e., they are salts.

Amines are universal building blocks found in all living organisms: Nucleic acids are comprised
of cyclic amines, and amino acids contain amine functional groups. With living organisms
being ubiquitous on Earth, amino acids and amines are also expected to be found in the
atmosphere. However, amino acids have low vapor pressures and are thus more prominent in
the condensed phase in the atmosphere (Ge et al., 2011a). In contrast, low molecular weight
amines have a high vapor pressure and readily partition to the gaseous state. Consequently, the
most abundant atmospheric amines are low molecular weight alkylamines including
monomethylamine (MMA), dimethylamine (DMA), and trimethylamine (TMA) (Fig. 1.1) (Ge
etal., 2011a). In total, over 150 gaseous amines and 30 amino acids have been observed in the

atmosphere (Ge et al., 2011a).

T CH, CHs
N N N
he” He” H o™ CH,
1 Monomethylamine Trimethylamine

Figure 1.1: The chemical structures of MMA (left), DMA (middle), and TMA (right).

Gaseous amines are highly reactive in the atmosphere and are found almost exclusively in
proximity to their emission source. The two most important reaction pathways of small
alkylamines in the atmosphere include: i) oxidation reactions by hydroxyl (OH) or nitriate
(NO3) radicals to form amides, imines, and carcinogenic nitramines and nitrosamines and ii)
reactions with acids to form ultrafine particles with potential effects on human health and the

climate.



1.2 Atmospheric oxidation of amines

Gas-phase oxidation is the main sink for atmospheric amines. The daytime oxidation of the
three methylamines primarily occurs through fast reactions with OH-radicals (Ge et al., 2011a;
Schade & Crutzen, 1995; Yu & Luo, 2014). Oxidation by ozone (Os) also occur, although
slower and thus less effective (Ge et al., 2011a; Nielsen et al., 2012). OH-radicals are produced
photolytically, which is why the OH-radical induced oxidation occurs during the day. Reaction-
rate coefficients, k, display the speed of a chemical reaction, and for the three methylamines,
Ko is in the range between 2 — 7 x 10! cm® molecule® s (Nielsen et al., 2012). The OH-
lifetimes of MMA, DMA and TMA are thus between 4 — 14 hours (Ge et al., 2011a; Nielsen et
al., 2012). The atmospheric removal of NH3z by OH-radicals is much slower, resulting in an
OH-lifetime up to 73 days (Ge et al., 2011a; Yu & Luo, 2014). At night, the gas-phase oxidation
of amines occurs through NOs-radicals, with knos being in the range of 1 — 5 x 10 cm?®

molecules™ s (Nielsen et al., 2012).

The pathways for the OH-indices degradation of MMA, DMA, and TMA are presented in Fig.
1.2 — 1.4. Minor products (highlighted in red) are nitramines and nitrosamines, which are
carcinogenic or potentially carcinogenic compounds, respectively. However, the formation of
nitramines and nitrosamines is highly dependent on the availability of nitrogen species (NOx =
NO and NO3) (Nielsen et al., 2012). Nitrosamines are rapidly degraded by sunlight, which

makes the formation of nitramines a bigger health concern.
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Figure 1.2: An outline of the oxidation of MMA initiated by OH-radicals. The major products are methanimine
and formamide, while the harmful N-Nitro-methylamine is only a minor product, depending on atmospheric NO;

concentrations. The scheme is adapted from Nielsen et al. 2012.
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Figure 1.3: An outline the oxidation of DMA initiated by OH-radicals. The major products are methanimine,
methylmethanimine and methylformamide, while the minor products N-Nitro-dimethylamine and N-Nitroso-

dimethylamine are only formed in the presence of NOy. The scheme is adapted from Nielsen et al. 2012.
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Figure 1.4: An outline of the oxidation of TMA initiated by OH-radicals. Major products are methylmetanimine,
dimethylformamide and formaldehyde. N-Nitro-dimethylamine and N-Nitroso-dimethylamine are produced in

small amounts, depending on the availability of NOy. The scheme is adapted from Nielsen et al. 2012.

An important aspect of atmospheric amine oxidation is the potential formation of nitrous oxide
(N20), which is a potent greenhouse gas. Schade & Crutzen (1995) presented possible
production pathways of N>O from the methylamines, which is based on photochemical
breakdown of imines and amides. It was estimated that amine oxidation could contribute to a 6
— 10 % increase in the annual production of N.O from animal husbandry. Thus, emissions of

methylamines may also be problematic in the context of global warming.



1.3 Atmospheric acid-base reactions involving
amines

Amines are basic compounds and are thus involved in acid-base reactions with gaseous acids
in the atmosphere, the most prominent being nitric acid (HNO3), sulfuric acid (H2SO4), and
hydrogen chloride (HCI) (Ge et al., 2011a; Lee & Wexler, 2013). Volatile amines and acids
react to form non-volatile aminium salts (Eq. 1.1 — 1.2), thereby forming atmospheric

nanoparticles.
NR3 (g) + HX (g) <> HNR3X (s) 1.1
NR3z (g) + H2SO4 (g) «> (HNR3)2SO04 (S) 1.2

where NR3z is either NHz or an amine, and HX is either HCI or HNOs. Atmospheric HNO3
concentrations are typically larger than HCI and H2SO4 (Ge et al., 2011a; Murphy et al., 2007).

Thus, amines predominantly react with HNO3 to form aminium nitrate particles.

Considering that atmospheric concentrations of NHs are typically several orders of magnitude
larger than amines, it remains uncertain if amines can compete with NHs in atmospheric acid-
base chemistry (Murphy et al., 2007). However, Ge et al. (2011a) reported that the particle
formation by atmospheric reactions involving MMA and DMA accelerates at higher
temperatures and becomes considerable (compared to particle formation induced by NH3) over
20 °C. Furthermore, thermodynamic studies conducted by Ge et al. (2011b) indicate that at low
temperatures, aminium salt particles are preferably formed relative to the ammonium salt.
Almeida et al. (2013) found that DMA volume mixing ratios over ~3 parts-per-trillion (pptV)
enhanced particle formation with sulfuric acid about three orders of magnitude relative to NHs.
These laboratory studies suggest that amines may play an important role in atmospheric particle
formation. Confirming evidence from field measurements is, however, still scarce. Sorooshian
et al. (2008) found high amine particle levels (14 — 23% of particulate ammonia) downwind of
a large feedlot, indicating that amines and in particular amines from agriculture may contribute

to particle formation in the atmosphere.



1.4 Agricultural emissions of amines to the
atmosphere

Gaseous amines originate from both anthropogenic and natural sources. Natural sources of
amines include emissions from the ocean, from biomass burning, and from vegetation.
Anthropogenic sources include emissions from agriculture, combustion, tobacco smoke, and

carbon capture plants utilizing amine technology.

Agriculture and animal husbandry are the main anthropogenic sources of amines to the
atmosphere (Ge et al., 2011a; Murphy et al., 2007; Schade & Crutzen, 1995). According to
Schade & Crutzen (1995) and Ge et al. (2011), cattle are the largest emitter of amines and NH3
from animal husbandry. Typical ambient mixing ratios of NH3 range from 0.1 to 1 ppbV, but
may reach several ppmV in proximity to agricultural sites (Sorooshian et al., 2008). Gaseous
amine concentrations from animal husbandry are typically 2 — 3 orders of magnitude lower than
NHs concentrations (Ge et al., 2011a; Qiu & Zhang, 2013; Schade & Crutzen, 1995; Sintermann
etal., 2014).

The production of NH3 from cattle is well understood and has been described in several former
studies, e.g., by Groot Koerkamp et al. (1998) and Ishler (2016). NH3 is mainly formed via
bacterial degradation of excremental nitrogen. The enzyme urease, which is produced by
bacteria present in animal feces, catalyzes the hydrolysis of urea (1.3). Hence, the emissions of

NH3s from feces or urine itself is minimal.
urease
CO(NH2)2 (aq) + H20 (g) — COz2 (g) + NHs (9) (2.3)

(urea)

TMA accounts for almost 75% of the total gaseous amine emissions from animal husbandry,
with feces, urine, and slurry (i.e., a mixture of the two) being the acknowledged, predominant
sources (Groot Koerkamp et al., 1998; Schade & Crutzen, 1995; Sintermann et al., 2014). TMA
is produced by microorganisms from dietary constituents in the rumen of the animals. It diffuses
through the wall of the rumen into the bloodstream or forms other compounds such as methane
(Fig. 1.5). TMA is also converted into a TMA-precursor, trimethylamine-N-oxide (TMAOQ), in

the liver or kidney of ruminating animals, which is mainly emitted through urinary excretion.



The feces contain TMAO-transforming microbes, which produce TMA in the expelled
excrements. TMA in excrements may be demethylated by aerobic microorganisms to form
DMA, MMA, and finally NHa.
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Figure 1.5: The biological production of TMA and NHs; in ruminating animals, including cattle (Sintermann et

al., 2014). This scheme was obtained from Sintermann et al. (2014).

Due to the high TMA content in rumen juice, Kuhn et al. (2011) suggested the breath of
ruminating animals to be the dominating source of TMA from cattle, not animal excrements.
However, most research on the subject have identified excreta as the main atmospheric source
of TMA from animal husbandry (Ge et al., 2011a; Kammer et al., 2020; Schade & Crutzen,
1995). Furthermore, Sintermann et al. (2014) did not observe a correlation between methane
and TMA emissions from cattle. Since methane is produced by rumination and emitted through
the mouth of the ruminating animal, a correlation between the two compounds would be

expected if TMA were predominantly emitted by rumination.

MMA and DMA have also been measured inside livestock buildings, with DMA mixing ratios
being in the range of 2 — 10 times lower than MMA levels (Ge et al., 2011a; Schade & Crutzen,
1995). No previous work has characterized the production pathways of MMA or DMA from
cattle. However, previous studies strongly suggest that MMA and DMA originate from the
same sources as NHz and TMA and may be produced by similar pathways as TMA or produced
by aerobic demethylation of TMA in animal excrements (Schade & Crutzen, 1995; Sintermann
et al., 2014). Schade & Crutzen (1995) suggested that an additional minor source to MMA
inside livestock buildings could be by decarboxylation of glycine (a non-essential amino acid).



Ge et al. (2011a) summarized the estimated global emissions (£ standard deviations) of NHs
and methylamines from cattle husbandry: ~17600 Gg N yr? for NHs, 20 + 11 Gg N yr for
MMA, 11 + 7 Gg N yr for DMA, and 94 + 24 Gg N yr* for TMA. These quantities account
for ~44% of the total global emissions of the methylamines, i.e., 125 + 42 Gg N yr* of a total
of 285 + 78 Gg N yr! (Ge et al., 2011a). NHs, MMA, DMA, and TMA emissions from cattle
make up 86% of the total emissions from livestock, indicating that cattle are the main sources
of amines in animal husbandry (Ge et al., 2011a). However, Kammer et al. (2020) recently
found higher TMA emission rates in a sheep pen than in a dairy cattle barn. This indicates that
more research on emission rates is needed for better characterizing amine emissions from

animal husbandry.

1.5 Challenges with amine measurements

The main reason why atmospheric amines are poorly studied is the fact that they are difficult to
measure. They are typically present at low atmospheric mixing ratios, i.e., in the pptV-range,
implying that atmospheric amine analyzers must have low detection limits. In addition, amines
have a high affinity to surfaces (Ge et al., 2011b), meaning that they are easily adsorbed onto
filters, inlet lines or other instrumental surfaces. This may cause slow instrument response times
and sample losses. The last decade has seen a huge progress in the development of chemical-
analytical techniques for atmospheric measurements. This is particularly true for the
development of online mass spectrometers (MS). While it is beyond the scope of this thesis to
detail the analytical developments, it is worth noting that only very little work on agricultural
amine emissions have been carried out with these innovative instruments (Kammer et al., 2020;
Sintermann et al., 2014).



1.6 Aim the study

The aim of my Master’s project was to study emissions of MMA, DMA, and TMA from animal
husbandry and relate them to emissions of NH3. The work was motivated by the development
of a new online mass spectrometer for the measurement of amines in the Atmospheric
Chemistry Group at UiO. A field measurements campaign was carried out at a large animal
husbandry research facility, and my work focused on emissions from cattle, which have been
identified as a strong source of amines in previous work. VVolume mixing ratios of MMA, DMA,
TMA, and NH3z were monitored in real time over a period of several weeks to answer the

scientific questions:

1. What are the volume mixing ratios of MMA, DMA, and TMA inside the cattle barn,
how do they vary over time, and how do they compare to volume mixing ratios of NH3?

2. What are the emission rates of MMA, DMA, and TMA, and how do they compare to
the emissions rates of NHs?

3. What are the main sources of MMA, DMA, and TMA inside the cattle barn, and do they

originate from the same sources?

As detailed above, the release of amines into the atmosphere may lead to the formation of
oxidative derivatives and particles that are harmful to the human health. A recent study by
Domingo et al. (2021) indicates that an average of 17 900 annual deaths in the US is related to
air pollution from the agricultural sector. Amine emissions from cattle could play an important
role in this context, and my work is aimed at increasing the basic scientific knowledge in this
field.



2.Method

2.1 Amine measurements by using the PTR-ToF-MS

The measurements of amines in this project were executed using a prototype Vocus Proton
Transfer Reaction Quadrupole-interface Time-of-Flight Mass Spectrometer (Vocus PTR-Qi-
ToF-MS) which was originally developed by Tofwerk AG, Switzerland (Tofwerk, 2021) but
later modified by coupling it to an ion source developed by lonicon Analytik. The PTR-ToF-
MS technique is fast, sensitive, and well established for detecting organic trace gases at volume
mixing ratios (VMRs) down to pptV-levels (Ellis & Mayhew, 2014; Zhu et al., 2018).

2.1.1 Basic principle of PTR-MS

In mass spectrometry, only ionized analytes can be detected. Thus, the technique is dependent
on the method of ionization. PTR is a method of ionization wherein the generation of charged
analytes is achieved through the reaction of HsO"- ions with neutral molecules (A) according
to Eq. 2.1. H3O™-ions protonate most organic, atmospheric compounds, including the amines of
interest, but none of the inorganic constituents of air (e.g., N2 and O>).

H30" (g) + A (g) — AH" (g) + H20 (9) (2.1)

Collisions between H3zO"-ions and analyte molecules occur in the drift tube (DT) (Fig. 2.1).

Sample
introduction

lon
i Mass analyzer -
source Drift tube Yy Detector| ——p Computer

Increasing vacuum

v

Figure 2.1: A general sketch of a PTR-MS-instrument. H3O*-ions are generated in the ion source and introduced
to the DT together with a gaseous sample containing analyte molecules. Protonated analyte molecules are separated

by a mass analyzer and detected by a detector.



The most important operational parameter is the ratio of the electric field strength (E) and the

number density of neutral gaseous particles (N) inthe DT (Eq. 2.2),

yo Na 27315 Por 2.2)
= — % *
Vv  Tpr 101325

expressed as E/N where Na = Avogadro’s number (6.022*10%), Vi = the molar volume of an
ideal gas at 1 atm (22.414 m®mol), Tor = temperature in the DT (K), and Ppr = pressure in the
DT (kPa) (Ellis & Mayhew, 2014; Gross, 2017). Typical values range from 100-120 Td.
Operating at higher E/N can cause excessive fragmentation of the analytes. Lower E/N can
cause analytes to cluster with HzO"-ions, causing the formation of an adduct ion (e.g.,
[A+H30]). H3O*-ions can also cluster together with H.O to form larger clusters, e.g.,
(H20)H30". Redundant formation of clusters can lead to a less efficient rate of analyte
protonation and create more complicated spectra due to the increased number of clusters at

higher masses.

The formation of protonated analytes is predicted by the proton affinity (PA) of H.O, 165
kcal/mol, versus the PA of the analyte. Equation 2.3 displays the determination of the PA of
analyte A in a gas phase reaction with a proton (H") at temperature T, determined by the
enthalpy change of the reaction (AfH°t) (Hunter & Lias, 2017):

PA (A) = AiHer (A) + AHor (H+) - AHCr (AHY) (2.3)

Only exothermic reactions, where the enthalpy change (AH°T) of the reaction between an
analyte and H2O is negative, generates protonated analytes. A reaction is exothermic when an
analyte molecule has a higher PA than H>O (Eq. 2.4) (Hunter & Lias, 2017).

AHCt = PA (H20) — PA (A) (2.4)

2.1.1.1 Time-of-Flight mass analyzer

The PTS-MS-instrument in this assignment was combined with a ToF mass analyzer. In a ToF
analyzer, protonated analytes are separated based on their flight time in a tube of known length.
The time of flight (t) of an analyte is proportional to the square root of the m/z, the travel
distance (d) and the ion velocity generated by a voltage (U) by the following relationship (Eq.
2.5) (Gross, 2017):

10



_d m (2.5)
= m\ﬁ

where e = the elementary charge of a proton (1.6*10° Coulomb). \/% is constant when the

instrument is in use. When ions are introduced to a ToF mass analyzer they are exposed to an
acceleration region where they gain momentum, before entering a field free region, absent of
any electrical field (Ellis & Mayhew, 2014). Modern ToF analyzers are equipped with a
reflectron to correct for a spread in the kinetic energy for identical ions as they enter the field
free region (Fig. 2.2). In addition to this energy correction, it increases the ion travel distance
which drastically improves the ion separation and thus the instrument resolving power (Gross,
2017).

Increasingly positive potential
e

lon trajectory

M .
Pulser Focusing
lenses +

Detector

Figure 2.2: A sketch of the ToF mass analyzer with a reflectron. A pulser and two extractor electrodes (focusing
lenses) make up the acceleration region of a ToF analyzer. By default, the voltages of the pulser and focusing
lenses are identical until a rapid elevation of the pulser voltage is obtained, resulting in an ion being introduced to
the field free region. The reflectron is made up of an increasingly positive potential, reversing the ion trajectory.
lons with a higher velocities penetrates the reflectron field deeper than ions at the same m/z traveling at a lower
velocity, resulting in them reaching the detector at the same time.

The time intervals of ions separated by the ToF mass analyzer are in the nanosecond range. It
is thus crucial to combine the ToF analyzer with a detector capable of responding to short time
intervals between ions of different m/z. The microchannel plate (MCP) is designed to deliver a
high time resolution (1 ns) and a high signal yield per ion (Ellis & Mayhew, 2014). Thus, the
MCP is the detector of choice to combine with the ToF mass analyzer. The signal output from
the MCP is recorded in ion counts per seconds (cps).
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2.1.2 Instrument optimization for amine measurements

Several advancements were made to the PTR-MS-instrument applied in this thesis to develop
a method optimal for amine measurements. The traditional DT made of stainless steel has been
replaced with one constructed of glass (GDT). Both a traditional axial DC field and an RF field
is generated along the drift tube. The DC potential is continuous and evenly distributed along
the GDT, minimizing diffusion, scattering and thus wall loss of the ions inside the tube and
instead focuses the ions into a narrow beam (Fig. 2.3).

Traditional drift tube j Drift tube of glass j
I }D T
— & &
— =T =T
\ | A

1 11

T e e e ———I- T e

Figure 2.3: A comparison of a traditional drift tube (left) with the glass drift tube (right). The evenly distributed
electric field in the glass drift tube secures a more effective ion focusing. The figure is made according to a
depiction by Tofwerk (Tofwerk, 2021).

The overall effect of the GDT is increased sensitivity that allows for the detection of

atmospheric trace gases at low ambient concentrations.
Three main steps were taken to reduce the amine adsorption to surfaces inside of the instrument:

1. An additional pump was coupled to the instruments inlet system to increase the inlet
flow by a factor of 10-50, depending on previous configurations. With a higher inlet
flow, sticky compounds have less dwell time in the inlet line and are therefore less prone
to stick on to the inside surface of the inlet line.

2. The lines constructed of polyether-ether-ketone (PEEK) were replaced by
perfluoroalkoxy-alkanes (PFA), a Teflon material. Advantages of replacing the lines
with PFA were smoother, non-sticky, non-porous inner surfaces that prevent
adsorption/absorption of most volatile organic compounds, high temperature tolerances
(up to 260 °C), and strong dielectric resistance.

3. The PFA inlet line and the ion source were heated to 100°C to prevent condensation.
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2.2 Field measurements at Livestock Production
Research Center

The field measurement campaign was conducted in a cattle barn at Livestock Production
Research Center (in Norwegian: “Senter for Husdyrforsek”, abbreviated SHF) at As, located
40 minutes south of Oslo (Fig. 2.4). SHF is part of the Norwegian University of Life Sciences
(NMBU) and conducts collaborative research on cattle, sheep, chickens, pigs, and goats,
residing in separate barns (NMBU, 2021). The cattle residing in the barn where the
measurements were carried out were Norwegian Red and Hereford cattle, not utilized for dairy
production. The number of animals contained in the barn were kept constant at a total of 100
cattle throughout the campaign. The cattle barn was naturally ventilated with a total volume of
8105 m? (Figs. 6.1 — 6.2). The natural ventilation of the building was stimulated by fresh air
entering through the main doors, one located at each end of the barn, spaces between the planks
of the wooden walls and windows along the top of the roof. The main doors were normally

closed during the winter to except for when tractors entered the barn.

Figure 2.4: A satellite image of SHF obtained from norgeskart.no. The cattle barn where the field measurements

were conducted is marked in red.

The measurements set-up consisted of a mobile laboratory where the instrument was contained
(Fig. 2.5). The trailer was installed outside, adjacent to the cattle barn where the measurements

were conducted.
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Figure 2.5: The mobile laboratory containing the instrument was positioned directly next to the cattle barn where

the field measurements were carried out.

The field campaign lasted from 20.11.20 to 14.01.21, where data collected after 27.11.20 are
presented in this assignment. During the first week of the campaign, between 20.11 — 25.11,
instrument voltages and pressures were fine tuned. After the 26.11, no major changes were
made to the instrument settings and set-up. The set-up for the calibrations was prepared on the
12.01.21, and field calibrations were conducted between 13.01 — 14.01.

2.2.1 Experimental set-up

A 15-meter heated line was extended from the inlet of the instrument to the inside of the barn
for sampling of the air. The line was heated to 100°C and extended along the roof of the barn,

with the inlet positioned approximately 5 meters above ground (Fig. 2.6).
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Figure 2.6: An illustration of the inlet of the heated line. The inlet was installed close to the center of the roof of

the barn. The windows along the roof contribute to the natural ventilation of the barn.

Fig. 2.7 illustrates the experimental set-up inside of the mobile laboratory:

|

Air from the —— | —
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Computer
PTR-Qi-ToF-MS
‘ Zero system Cata |y5t ;
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Figure 2.7: A simple sketch of the experimental set-up at SHF. Arrows mark the direction of the air flow. A total
of 7 L/min was introduced from the cattle barn, where 0.5 L/min entered the PTR-MS-instrument, and 0.5 L/min
entered the PICARRO. A valve regulating the activation of the zero system, providing the system with catalyzed
air, was normally kept “closed” (position “1” in the figure was kept open, position “2” was kept closed), but was

“opened” when the zero system was activated (position “2”” was kept open, position “1” was kept closed).

A PICARRO instrument, rented from the Norwegian Institute for Air Research, was available
for the measurements campaign between 26.11.20 — 04.01.21. The PICARRO provided
quantitative CO, and CHj4 data (in ppmV) and was installed on the main inlet line (Fig. 2.7).
Data from the PICARRO were available after 03.12.20.
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A temperature/relative humidity sensor was installed 26.11.20 to record inside temperatures of
the cattle barn. Temperature data was available after 10.12.20. The sensor was extended from
the roof of the cattle barn, by the instrument inlet, to the computer inside of the mobile
laboratory. By the end of December 2020, both outside and inside temperatures dropped below
5°C. The combination of low temperatures and a high humidity-level (~80%) lead to
condensation inside the sensor that quickly froze. This caused the sensor to malfunction for
most of the remaining campaign. Hence, temperature data was available between 10.12.20 —
30.12.20.

Instrument background was measured by flushing the instrument with cleaned air from a home-
built catalyst daily between 01:00 to 02:30 (local time: UTC+1). Daily background

measurements were subtracted from the data.

2.2.1.1 Instrument settings

The desired operating DT pressure of the instrument is 2.00 mbar. If the pressure gets much
larger than 2.00 mbar, the rate of collisions in the DT would be less efficient (Ellis & Mayhew,
2014). Lower pressures result in electrical discharge inside the DT due to the increased E/N
(Eqg. 2.2). Discharge over time will not only disrupt the data but can also damage the drift tube
and must be avoided. The drift tube pressure fluctuated between 1.90 — 2.08 mbar for the
duration of the campaign. The drift tube voltage was 440 V, thus generating an E/N of 113 Td.

2.2.1.2 Set-up quality control: Leakage test

After the installment of the mobile laboratory at 20.11.20, a leakage test using methanol was
performed on the instrument. During transport, the instrument was subjected to shaking and
vibrations that could have resulted in parts becoming loose, thus creating leakage points in
joints and connections. The procedure was to start the instrument and conditioning it until it
was operational. Prior to the beginning of the measurements, a long cotton swab saturated with
methanol was positioned next to junction points where leakages might have occurred. If there
were leakages, a methanol spike would be observed in the mass spectrum. No peaks emerged

in the mass spectrum from the leakage test.
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2.2.2 Field calibrations

To quantify the raw signal output, thus converting it from cps into a VMR, the instrument
sensitivity, hence the instrument response for a certain analyte, had to be determined. This is
done by calibration of the analytes, thus by introducing solutions of known concentrations and
creating a concentration gradient. By plotting the calibration, a sensitivity can be extracted from
the slope of the calibration curve given in counts-per-second (cps), or more commonly,
normalized cps (ncps) per VMR. The normalization is carried out to consider variations in the

HsO*-ion count rate.

For the normalization process, the '8O-isotope of the H3O*-ion and the ’O-isotope of the
H30*(H20)-cluster, were applied (Eq. 2.6). For especially intense signals (~10° cps), the
detector reaches its maximum output current causing the signal to be saturated, and no further
output is provided by the detector for that specific m/z (Ellis & Mayhew, 2014). Due to a signal
saturation of the more abundant *%O-isotope of the H3O*-ion and the H3O*(H.0)-cluster, the
signals of the less abundant *’O-isotopes were used for the data analysis. Factors of 476 for the
180-isotope of the H3O*-ion and 769 for the ’O-isotope of the HzO*(H.0)-cluster were
multiplied with their respective cps to obtain signals corresponding to more abundant °O-
isotope peak. The instrument generates HsO'-ions at a cps of ~10°. Hence, this factor was
multiplied with the ncps of the analyte to upscale the values relative to the magnitude of the

H3O"-ion signal.

[A]cps
([H30+ ]cps) * 476 + ([(HZO)H30+ ]cps) * 769

(2.6)

ncps = * 100
Field calibrations were performed at the end of the field campaign at SHF. Two solutions were
made for the calibrations: One with MMA, DMA, and TMA, and one with NHz. The solutions
were prepared one day prior to the calibrations. Detailed descriptions of the sample preparations

are explained in the appendix (Eq. 6.1 — 6.7¢).

A VMR gradient of 10, 8, 6 and 4 ppbV were recorded for MMA, DMA, and TMA, while a
gradient of 12, 10, 7 and 5 ppmV was recorded for NHs. A blank sample with HPLC-grade
water was introduced for 30 minutes prior to the NHz calibration after a full night of flushing

the system with HPLC-grade water, removing possible amine residues from the calibration unit.
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2.2.2.1 Liquid calibration unit

The field calibrations of MMA, DMA, TMA and NHs were conducted using the IONICON
liquid calibration unit (LCU). The LCU is designed for PTR-MS trace gas calibrations. The set-
up ensures evaporation of the injected liquid solution by mixing it with a pressurized gas of
synthetic air and introducing the mix into a heated evaporation chamber (Fig. 2.8) (IONICON,
2021). The evaporated sample is introduced to the PTR-MS-instrument by a line enclosed by a
heated insulator which is coupled to the inlet of the instrument. The evaporation chamber and
the line were heated to 100 °C.

Synthetic air
Synthetic air flow controller
Sample
Liquid flow controller
Heating foil
Evaporation chamber
. — m—— — »
—
To the
< instrument
Overflow Heating foil

Figure 2.8: A simple sketch of the set-up of the LCU evaporation chamber, as depicted by IONICON. Arrows
mark the direction of the flow.

The LCU liquid flow (uL/min) of the injected samples were adjusted to create a dilution
gradient at a constant synthetic gas flow of 1 L/min. This eliminated the need of creating several

calibration solutions at different concentrations.

2.2.2.2 Sensitivities of NH3, MMA, DMA, and TMA

Calibration curves of NH3, MMA, DMA, and TMA from the field calibration at SHF are

presented in Fig. 2.9, where the slopes represent the sensitivities.
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Figure 2.9: Calibration curves of NHs (upper left), MMA (upper right), DMA (lower left), and TMA (lower
right) from the field calibrations at SHF.

Ideally, the instrument response is linear, as indicated by the R-squared (R?) (Fig. 2.9). The R?
is a statistical measure of correlation and linearity between variables in the data (between 0 and
1), where an R? of 1.00 corresponds to a “perfectly” linear response. as. By an R? of e.g., 0.50,
50 % of the data can be explained by the other variable in the regression analysis. The R? of the

amine and ammonia calibrations were ~1.00, indicating a highly linear instrument response.

2.2.3 Calculation of emission rates

Emission rates for NHs, MMA, DMA, and TMA were calculated by using the mass balance
model described by Ngwabie et al. (2014) and Kammer et al. (2020) (Eq. 2.7).

E;=Q=* (Ci,indoor - Ci,outdoor) (2-7)

where E; is the emission rate (pg/h) for compound i, Q is the ventilation flow rate for the cattle
barn (m3/h), Ci, indoor is the mean indoor concentration (ug or mg) for compound i, and Ci, outdoor

is the mean outdoor concentration (g or mg) for compound i.

To calculate emission rates, the VMRs had to be converted into a unit of concentration (Eq.
2.8). Unlike VMRs, concentrations are dependent on atmospheric temperatures and pressures.
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The standard temperature and pressure of 25°C and 1 atm, respectively, are commonly used for

this conversion and were thus used in this thesis (Boguski, 2006).
C= % « VMR * MW (2.8)

where C = concentration (mg/m?3), p = pressure (atm), T = temperature (°C), VMR = volume

mixing ratio (ppmV), and MW = molecular weight (g/mol).

It was assumed that outside concentrations of NHz and the methylamines were much lower than
inside concentrations, which is in accordance with the findings by Kammer et al. (2020). Thus,

Ci, ouside = O for NHz and the amines. The average emission rates were reported in g animal™ h-
1

The most common method for determining Q in naturally ventilated barns is by a CO.> mass
balance equation (Harper et al., 2009; Janke et al., 2020; Kammer et al., 2020; Ngwabie et al.,
2014; Schmithausen et al., 2018). However, this method could not be applied to the
measurements at SHF since the formula is based on the activity and heat production of dairy
cattle. A suitable method was described by Laussmann et al. (2011), which was used to
determine Q in the cattle barn at SHF. According to Laussmann et al. (2011), Q is calculated
by multiplying the measured air change rate (ACR) or air changes per hour, A (h!), with the
room volume, Vg (m®) (Eq. 2.9) (Laussmann & Helm, 2011). The floor plan of the cattle barn
was provided by the administration at SHF, which was used to calculate the barn volume (Figs.
6.1-6.2).

Q = A*Vg (2.9)

2.2.3.1 Air change rate

The ACR can be derived at by applying a decay function to peaks in the spectrum (Laussmann
& Helm, 2011). This method is named the concentration decay function (Eg. 2.10 — 2.10b).
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Cj = Co % e~ M4t (2.10)
In C; = In(Cp) — A * (4t) (2.10a)

_ [lnCO - lan]

2.10b
(t; — to) ( )

where C;j = the concentration (here: in mg/m?®) at time j, and Co = the initial concentration. The
decay function was applied to peaks triggered by an event (e.g., feeding or activation of the
cleansing system), that manifested a gradual decay (Fig. 2.10).
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Figure 2.10: Decay curves after the emission of a tracer gas consisting of SFe. The left figure illustrates the linear
decay curve after 1 hour — 8 hours. The right figure illustrates the logarithmic decay curve of the same event. The
figures are obtained from Laussmann et al. (2011).

In contrast to decay curves plotted in a linear scale, logarithmic decay curves are most often
linear (Laussmann & Helm, 2011). Hence, linear regression were performed on logarithmic
decay curves, and the slope from the regression represented the decay rate, thus the air changes
per hour (Laussmann & Helm, 2011). Since the cattle barn was naturally ventilated, the ACR
was anticipated to vary throughout the measurements campaign depending on outside wind
conditions (Saha et al., 2013). Thus, daily ACR was extracted from the dataset, which were

then used to determine daily emission rates.

Methanethiol displayed a low background and rapid decay curves after an event corresponding
to Fig 2.10, indicating a low affinity to instrument surfaces (Fig. 6.3). Methanethiol was thus

evaluated as suitable to determine the ACR of the cattle barn. However, methanethiol exhibited
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periods in the mass spectrum absent of any activity, and individual ACRs for each day of the
measurements campaign at SHF could thus not be determined. In total, 32 days were considered
representative for the determination of ACRs, thus covering 70 % of the measurements

campaign (Figs. 6.4 — 6.5).

2.3 Laboratory measurements at UiO

Prior to the field measurements at SHF, samples were collected from the cattle barn at SHF.
Dynamic headspace measurements were conducted on the samples with the PTR-MS-
instrument as a supplementary study to investigate possible sources of amines in the cattle barn.
The samples were collected at the 01.10.20. The laboratory measurements were carried out
between 02.10.20 — 04.10.20.

2.3.1 Samples from a cattle barn at SHF

The samples were collected from i) silage food (fermented and processed hay eaten by cattle),
i) manure collected from the floor of the barn, iii) feces sampled directly from the rectum of a
cow, iv) food pellets, and v) sawdust. The samples were obtained in glass bottles of 100 mL
and 50 mL (Fig. 6.6) and stored in room temperature. The manure collected from the floor of
the barn is denoted as “Manure” and is believed to contain a mixture of feces and urine. Feces
sampled from the rectum of a cow is denoted as “Feces” and contained no urine. The samples
containing silage foods, manure and feces were considered to break down rapidly, and
laboratory measurements on these samples were thus conduced the day subsequent to being
sampled.

2.3.1.1 Experimental set-up

Fig. 2.11 is a configuration of the measurements set-up for the dynamic headspace

measurements:
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Figure 2.11: A description of the experimental set-up for the headspace measurements of the samples from SHF.
A synthetic air gas flow of 1 L/min was mixed with the sample. Arrows mark the main air flow direction. The
sample container had one air inlet and one air outlet, and the glass bottles containing the samples were directly
placed without lid on in the container. FC 1 was set to 0.6 L/min to accommodate the volume of ~0.5 L/min
entering the instrument. FC 2 was installed to dilute the sampling air in case of signal saturation in the mass

spectrum.

2.3.1.2 Measurements protocol

Table 2.2 summarizes the measurements protocol of the samples. A zero measurement of
synthetic air flushing the empty sample container was recorded for 30 minutes between every
sample and prior to the measurements. In case of solidification, manure samples were gently

blended with a glass stirrer immediately prior to the measurements.

Table 2.2: The measurements protocol for the laboratory measurements at UiO. To
accommodate a signal saturation in the mass spectrum for the sample containing silage, a
dilution flow was applied. No dilution flow was applied for the samples containing

manure, food pellets or sawdust.

Sample FC1 FC2 Measurement
synthetic synthetic protocol at
air flow air flow final flow
(L/min) (L/min) (date)
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Silage 0.3 0.2 02.10.20 13:15
—14:25

Manure 0.6 0 02.10.20 15:35
—16:50

Feces 0.6 0 02.10.20 17:45
-19:10

Food pellets 0.6 0 04.10.20 14:30
—15:35

Sawdust 0.6 0 04.10.20 16:05
—17:10

2.4 Data processing

The raw measurement files were first processed in the IONICON PTR-MS Viewer (version
3.2.14) before statistical analyses and plotting were carried out in Jupyter Notebook running
Python (version 3.9.1). The statistical analyses were performed to understand the level of
correlation between NHz, MMA, DMA, and TMA. This level of correlation was asserted by
linear regression where the slope represents the relative abundances between the variables and
the R2-statistics represents the linear correlation. For the statistical analysis between the

temperature and NH3, MMA, DMA, and TMA, an exponential fit was found more suitable.

2.4.1 Peakintegration

To quantify the raw data, the total cps of a peak in the mass spectrum must be known. This is
achieved by peak integration, thus summing up the cps of one peak. Many peaks are part of a
double or multiple peak(s) and must be separated manually by the software operator. Peak
separation is highly dependent on the instrument resolution (m/Am), thus the ability to
distinguish two or more peaks in the spectrum. The resolution was 3500, which is high enough
to separate isobaric compounds at the same nominal (integers) m/z, but may cause problems for

ions at almost the same exact m/z.
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If a peak is very intense, this may cause interferences for peak integration of adjacent peaks due
to an elevated baseline. Typical m/z interferences of MMA, DMA and TMA peaks are O>",
NO_" and the acetone *C-isotope, respectively. Proven to be a particularly difficult contaminant
for amine analysis, creating intense signals in the mass spectrum, is the O, interference at exact
m/z 31.989. O," is created in excessive amounts in the drift tube as sampling air is introduced.
The O2" peak is often so intense that MMA at exact m/z 32.049 is overshadowed and thus not
integrated properly by the software (Fig. 6.7). This problem is not as prominent for DMA and
TMA, as the NO2" and acetone *3C-isotope peaks are better separated from DMA and TMA,
and their respective signal are usually not as intense as O2". Thus, the base line for DMA and
TMA are not affected the same way MMA is.

2.4.2 Compound assignment

Due to the presence of isotopes, fragments, and the fact that isobaric compounds cannot be
separated in the mass spectrum, there are often some uncertainties related to the compound
assignment in MS. The compound assignment in this thesis was based on mass accuracies,
isotopic patterns, molecular formula suggestions by the software (a built-in module in the PTR-
Viewer), fragments, and findings from earlier studies (Ge et al., 2011a; Kammer et al., 2020;
Murphy et al., 2007; Ngwabie et al., 2014; Nielsen et al., 2012; Sintermann et al., 2014). The
mass accuracy describes the difference between the accurate m/z, thus the experimentally
determined m/z, and the exact m/z, thus the calculated and theoretical m/z, and is reported as a
relative mass accuracy (ppm) (Eg. 2.11). Mass accuracies under 10 ppm are generally

acknowledged as adequately low.

(m/zaccurate - m/Zexact) " (2-11)

10°
m/Zexact

Relative mass accuracy (ppm) =

2.4.2.1 The assignment of MMA, DMA, and TMA

Compounds assigned by the PTR-Viewer to the peaks at accurate m/z 32.050, 46.065, and
60.081 in the mass spectrum were CH3NH2H" (protonated MMA), CoHsNHH™ (protonated
DMA), and CsHyNH™" (protonated TMA), respectively.
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DMA has an isomer, ethylamine (EA), which was not possible to separate from DMA at
accurate m/z 46.065 in the mass spectrum. However, Schade & Crutzen (1995) concluded that
the relative concentrations of EA were significantly smaller than DMA in a cattle barn, and that
only occasional traces of EA was observed. Except for Schade & Crutzen (1995), no research
articles on EA from cattle were obtained for this thesis, and it was thus assumed that the peak

at exact m/z 46.065 mostly consisted of DMA.

TMA has three isomers which may have contributed to the signal at accurate m/z 60.081 in the
mass spectrum: n-propylamine, isopropylamine, and methylethylamine. Schade & Crutzen
(1995) reported that the occurrences of n-propylamine and isopropylamine in cattle barns were
insignificant compared to TMA. Furthermore, Ge et al. (2011) presented that methylethylamine
is not a known emitter from agriculture, but from tobacco smoke. Hence, it was assumed that
n-propylamine, isopropyamine, and methylethylamine were not significant contributors to the

peak at accurate m/z 60.081.

2.4.2.2 The assignment of NHs

Protonated NHs was assigned by the software to the peak at accurate m/z 18.034. The signal
intensity of protonated NHs at exact m/z 18.033, was suspected to be above threshold for
saturation of the detector due to high VMRs inside the cattle barn. However, this was disproven
by examining the relationship between the peak of protonated NH3 at accurate m/z 18.034 and
the less intense signal of ionized NHs, NHs*, at accurate m/z 17.025, asserted by a linear
regression fit between the raw signals (Fig. 6.8). If the signal at accurate m/z 18.034 was
saturated, the detector would not correctly recognize signal fluctuations, and the linear

regression fit would deviate from linearity, which was not the case (R? = 0.78).

2.4.2.3 Mass accuracies

The mass accuracies of NHz, MMA, DMA, TMA, the H3O"-ion, and the HsO"(H20)-cluster

from the field measurements campaign at SHF, are presented in Table 2.3.
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Table 2.3: The accurate m/z (experimentally determined m/z), exact m/z (theoretical m/z),
and relative mass accuracy (ppm) of NHs; MMA, DMA, TMA, the #0O-isotope of the

H3O*-ion, and the Y"O-isotope of the (H.O)H3;O*-cluster.

Compound Accurate Exact Relative
protonated protonated mass
m/z m/z accuracy
(ppm)
NHs 18.03358 18.03383 -14
HsO*-isotope 21.02166 21.02209 -21
MMA 32.04952 32.04948 1.3
(H20)H3s0*-isotope 38.03375 38.03351 6.4
DMA 46.06474 46.06513 -8.5
TMA 60.08050 60.08078 -4.7

The mass accuracies of the methylamines and NHzin Table 2.3 are mainly negative, indicating
a shift in the spectrum towards lower accurate m/z compared to the exact m/z. However, the
relative mass accuracies are generally low, thus increasing the confidence of accurately

assigning the correct compound to an observed peak.

Based on the information above, NH3z, MMA, DMA, and TMA were assigned to the peaks
presented in Table 2.3 and were thus concluded to be successfully observed in the cattle barn

at SHF.

2.4.3 Stability of the primary ion signal

The stability of the HsO"-ion signal is important to consider in PTR-MS, as an unstable signal
can dramatically affect the signal of the analytes (Ellis & Mayhew, 2014). The H3O"-ion signal
remained stable through the measurements period, as presented in Fig. 2.12. Thus, variations in

the analytes could not be explained by an unstable primary ion source.
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Figure 2.12: The H3O*-ion signal (cps) (30-second moving average) from the field measurements campaign.
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3.Results and discussion

3.1 Field measurements in the cattle barn at SHF

3.1.1 Time series of NH3 and the methylamines and
statistical analysis

Fig. 3.1 shows the time series of NH3, MMA, DMA, and TMA measured in the air inside the

cattle barn at SHF during the 46-day measurement period. The data are reported as VMRS in
ppmV (10 v/v) and ppbV (10° v/v).
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Figure 3.1: Time series (1-h moving average) of NH3 (ppmV), MMA (ppbV), DMA (ppbV), and TMA (ppbV) as
measured in the air inside the cattle barn at SHF. Short data gaps are instrument-zeroing periods; the data gap in
the period 27.12 — 28.12. was caused by an instrument malfunction.

A statistical overview of the measured VMRS and concentrations is provided in Table 3.1.
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Table 3.1: Mean (£ std. deviation), median, and maximum VMRs and concentrations of NHz, MMA, DMA,

and TMA as measured in the air inside the cattle barn at SHF.

Compound Unit Mean =+ Std. Dev. Median Maximum
ppmV 3.2+12 4.7 11.0
NHa
mg m* 2.3+0.8 3.4 8.0
ppbV 22+10 3.9 8.8
MMA
pg m 2.8+1.3 5.0 11.0
ppbV 0.39+0.14 0.60 1.4
DMA
ug m 0.72 £ 0.25 1.1 2.6
ppbV 14+ 6.7 20 61
TMA
pg m 33+16 49 147

The mean VMR of NH3 measured in the air in the cattle barn was 3.2 £ 1.2 ppmV; the median
VMR of NHz was 4.7 ppmV. These levels are similar to what has been reported in the literature.
Ngwabie et al. (2014) reported an average NH3z VMR of 3.8 = 2.1 ppmV inside a dairy barn.
Harper et al. (2009) reported average NHz VMRs ranging from <1 ppm to 5 ppm during
wintertime. Finally, Kammer et al. (2020) reported average NHs VMRS between 2 and 4 ppmV.

TMA was the most abundant methylamine in the air in the cattle barn, with a mean VMR of 14
+ 6.7 ppbV and a median VMR of 20 ppbV. The maximum TMA VMR of 61 ppbV was
recorded on the 21.12.2020. TMA was also the most abundant amine found in previous work
by Sintermann et al. (2014) and Kammer et al. (2020). The latter reported average TMA VMRS
between 5 and 10 ppbV in a dairy barn, which is slightly lower than the levels found in this
study. However, the value given by Kammer et al. (2020) is based on a measurement period of
only four days. Ge et al. (2011a) reported TMA concentrations inside livestock buildings
ranging from 2 to 15 pg m, which is significantly lower than the concentrations found in this

study.

The mean VMR of MMA measured in the air in the cattle barn was 2.2 + 1.0 ppbV; the median
VMR of MMA was 3.9 ppbV. Kammer et al. (2020) did not report MMA, probably because of
difficulties in measuring MMA with their PTR-MS instrument (see section 2.4.1). Ge et al.
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(2011a) reported MMA concentrations inside livestock buildings in the range from 0.5 to 5.3
ug m3, which is similar to the levels found in this study.

The mean VMR of DMA measured in the air in the cattle barn was 0.39 £ 0.14 ppbV; the
median VMR of DMA was 0.60 ppbV. No literature values were found for comparison.

The average diurnal profiles of MMA, DMA, TMA, NHs, and air temperature inside the cattle
barn are presented in Fig. 3.2.
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Figure 3.2: Mean diurnal profiles of NHsz (ppmV), MMA (ppbV), DMA (ppbV), TMA (ppbV), and air temperature
(°C) as measured inside the cattle barn at SHF. The presented data are 1-minute averages of the data collected
between 27.11.2020 — 11.01.2021. The data gap between 01:00 and 02:30 is the instrument-zeroing period.

Variations in the mean diurnal profile were small; deviations from the day’s average were only
on the order of £10%. Minimum NHs, MMA and DMA VMRs were recorded during the early
morning hours, while maxima occurred in the evening at around 21:00 local time. The average

diurnal profiles of NHs, MMA and DMA closely resemble the average diurnal profile of air
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temperature inside the barn. TMA exhibited a slightly different diurnal pattern, with minimum

VMRs occurring around noontime and maximum VMRs being recorded at around 21:00.

3.1.2 Relative abundances of MMA, DMA, and TMA

Fig. 3.3 shows scatter plots of MMA, DMA, and TMA, respectively, versus NHs. MMA and
DMA were highly correlated with NHs, with R?-values of 0.82 and 0.85, respectively. While
correlations need to be interpreted with caution, this finding can be taken as a first evidence that
MMA and DMA are formed and volatilized through the same or similar processes as NHs. As
outlined in the Introduction, NH3 is mainly formed via bacterial degradation of excremental
nitrogen. In the case of TMA, the correlation is lower (R? = 0.64) indicating some differences
in the formation and/or volatilization of TMA and NHas. This correlation was even lower for
Sintermann et al. (2014), who reported an R? of ~0.43 between TMA and NH.

— ¥(x)=0.78x R —— Y(x)=0.11x ~ . B0 —— y(x)=4.6x
R?=0.82 I . . R?=085 ) - . R?=064

DMA (ppbV)

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
NH3 (ppmV) NH3 (ppmV) NHs (ppmV)

Figure 3.3: Scatter plots of MMA, DMA, and TMA, respectively, versus NHs.

The abundances of MMA, DMA, and TMA relative to NHs were 0.78 x 103, 0.11 x 10 and
4.6 x 1073, respectively. These values are in good agreement with the MMA:NH3z, DMA: NH3,
and TMA: NHs molar emission ratios reported by Schade & Crutzen (1995), which are 1.12 x
103, 0.63 x 10 and 5.39 x 1073, respectively. A discrepancy exists for DMA, where the
emissions in this study are lower than what is reported by Schade & Crutzen (1995). The
TMA:NH3z molar emission ratio reported by Sintermann et al. (2014) is between 0.5 - 1.5 %

thus higher than the obtained ratio in this thesis.
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3.1.3 TMA correlation with CH4

As stated in the Introduction, Kuhn et al. (2011) suggested rumination as the dominating source
of TMA from cattle. Fig. 3.4 shows that there is no linear correlation between TMA and CH4
in the barn (R? = 0.04). This confirms the findings by Sintermann et al. (2014) where no
correlation between TMA and CH4 was obtained. Rumination is thus most likely not a source

of TMA in the barn.
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Figure 3.4: Scatter plot of TMA versus CHa.

3.1.4 Temperature dependence of NH;, MMA, DMA, and
TMA VMRs

The average diurnal profiles shown in Fig. 3.2 have indicated that the VMRs of NHz and
methylamines exhibit a temperature dependence. Fig. 3.5 shows the VMRs of NHs, MMA,
DMA, and TMA exponentially increasing with air temperature in the barn. The increase is
seemingly strongest for MMA, followed by NHsz and DMA. In the case of TMA, the
temperature dependence is less obvious, but there still appears to be an underlying trend of
VMRS increasing with temperature. It is not clear if the observed increase in the VMRS of NH3
and methylamines is driven by increased formation rates (e.g., by increased bacterial activity)

or by increased volatilization of NH3 and the methylamines.
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Figure 3.5: VMRs of NH3;, MMA, DMA, and TMA plotted as a function of air temperature in the barn.

3.1.5 Emission rates of NH3;, MMA, DMA, and TMA

Table 3.2 lists the measured ACRs in the naturally ventilated barn along with the emission rates
(g h't animal™) of NHs, MMA, DMA, and TMA, which were derived from the concentrations

measured in the barn.

The daily ACRs measured were in the range between 2.7 and 14.0 h! and the mean ACR over
the entire measurements campaign was 8.4 (+ 3.2) h't. This results in a mean ventilation rate
(Q) of 673 m® animal™* h*%, which is within the typical range found for naturally ventilated barns
during the wintertime/spring (Janke et al., 2020; Kammer et al., 2020; Ngwabie et al., 2009;
Ngwabie et al., 2014).

Table 3.2: ACR (h%) and emission rates (g animal™ h') of NHz, MMA, DMA, and TMA as measured day by
day in the cattle barn.

ACR NH;3 MMA DMA TMA
Date

h! g h' animal? g h' animal? g h* animal g h' animal*
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2020-11-27 3.5 0.49 9.6x10* 2.0x10* 7.1x10°3

2020-11-30 3.8 0.56 6.5x10* 1.6x10* 5.5x10%
2020-12-01 8.5 1.3 1.7x10° 4.1x10* 0.013
2020-12-02 9.2 15 1.8x103 5.0x10* 0.016
2020-12-03 2.7 0.39 5.0x10* 1.2x10* 6.5x107
2020-12-06 8.0 1.7 2.3x103 5.2x10* 0.027
2020-12-07 11 1.9 2.6x10°3 5.1x10* 0.023
2020-12-08 13 3.1 4.3x10°® 8.7x10* 0.036
2020-12-09 10 2.3 3.1x103 6.8x10* 0.040
2020-12-10 8.2 1.5 1.8x10°3 4.5x10% 0.019
2020-12-11 5.5 0.82 8.4x10* 2.2x10* 0.010
2020-12-14 11 2.1 2.6x10°3 5.6x10* 0.021
2020-12-17 7.1 1.4 1.6x10° 3.7x10* 0.016
2020-12-18 4.3 0.88 1.1x10° 2.0x10* 0.011
2020-12-21 7.9 2.8 4.1x10°® 8.3x10* 0.038
2020-12-22 7.9 1.8 2.6x10°3 5.8x10* 0.030
2020-12-24 3.0 0.60 7.1x10* 2.0x10* 0.010
2020-12-25 8.2 1.8 2.0x10 5.8x10* 0.025
2020-12-26 5.7 1.6 1.7x10°® 4.5x10* 0.023
2020-12-29 4.2 0.89 8.8x10* 2.7x10* 0.013
2020-12-30 12 2.6 2.7x10° 7.8x10* 0.039
2020-12-31 9.1 2.0 2.0x10° 5.6x10* 0.031
2021-01-01 14 2.8 2.6x10° 8.0x10* 0.050
2021-01-02 10 2.3 2.3x10°3 7.0x10* 0.038
2021-01-03 13 2.7 2.5x10°3 7.4x10% 0.030
2021-01-04 8.5 1.4 1.4x10°3 4.0x10* 0.019
2021-01-05 6.2 0.73 7.4x10* 2.7x10* 0.013
2021-01-06 13 0.87 6.5x10* 3.1x10* 0.013
2021-01-07 14 1.4 1.0x10°3 4.4x10*4 0.015
2021-01-08 7.3 0.83 5.8x10* 3.3x10* 0.018
2021-01-10 8.0 0.82 7.2x10* 2.8x10* 0.011
2021-01-11 10 1.6 9.3x10* 5.4x10* 0.028

The mean emission rates of NHz, MMA, DMA and TMA are listed in Table 3.3 together with

literature values.
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Table 3.3: The mean emission rates of NH3 and the methylamines in g animal™ h2,

Compound Emission rate (g animal™® h'1)3
This study Literature values
NH3 1.5+0.57 1.8+13 (Kammer etal., 2020)

0.67 -1.10 (Janke et al., 2020)
0.75-1.25 (Schmithausen et al. 2018)
0.85-0.88 (Wang et al., 2016)

0.64 £ 0.32 (Ngwabie et al., 2014)

0.45-0.51 (Harper et al., 2009)

MMA 19+09x103
DMA 49+17 x10*
TMA 0.022 +0.011 0.020 £ 0.016 (Kammer et al.,2020)

8: Note that in the literature emissions rates are usually reported per livestock unit (LU), with a dairy cow
corresponding to 1 LU. Since the weight and age of cattle in this study was not known, emission rates are reported
per animal.

The mean NH3 emission rate is on the higher end of the reported literature values. It must also
be noted that in my study the ACR was measured, while it was derived from CO2 mass balance
in most of the cited studies. The measured ACR value is considered to me more accurate than

the derived value.

The average TMA emission rate of 0.022 g animal™® h is in excellent agreement with the only
value found in the literature. To the best of my knowledge, this is the first time that MMA or
DMA emission rates from cattle have been determined.

The VMRs of NHs and MMA in the barn exhibited a pronounced increase with temperature
(Fig. 3.5). Since the ACR did not exhibit a temperature dependence, this translates into a
temperature-dependent increase of the NHs and MMA emission rates (Fig. 3.6). While the
correlation between the two parameters is weak, the trend of a temperature-driven increase of
emissions is still evident. The increase is less apparent for the emission rates of DMA and TMA
(R? =0.13 and 0.13, respectively) (Figs. 6.9 — 6.10). Since temperature data was only available
for a limited number of days during the campaign, future work should cover a wider temperature
range to better characterize the temperature dependence of NHs and amine emissions.
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Figure 3.6: Emission rates (g animal* h') of NHz and MMA plotted as a function of air temperature in the barn.

3.2 Laboratory measurements at UiO

The results from the field measurements are difficult to interpret because the sources of amines
in a barn can be manifold (e.g., excrements, breath, food, other materials used in the barn). A
series of samples in the barn at SHF were thus collected and analyzed in the laboratory at UiO.
At the time of the measurement, the PTR-ToF-MS instrument suffered from a high NH4" and
O2" background, so that only DMA and TMA are reported. Figs. 3.7 and 3.8 show the signals
of TMA and DMA, respectively, as recorded in the dynamic headspace of i) silage food, ii)
manure collected from the floor of the cattle barn, iii) feces directly collected form the rectum
of an animal, iv) food pellets and v) sawdust. The highest TMA signal was recorded from the
headspace of feces, while manure emitted TMA to a much smaller extent. Interestingly,
considerable amounts of TMA were also detected in the headspace of silage food, which
consisted of fermented hay. This could be an additional source of TMA, which was implied
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from the results of the field measurements. DMA was detected in the headspace of fresh manure
and silage food. In the case of the latter, it was, however, only an initial burst with the signal
rapidly dropping to zero. This suggests that DMA had accumulated in the headspace of the
sampling vial during storage and that it was not produced in significant amounts at the time of

the measurement.
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Figure 3.7: The signal (ncps) of TMA as recorded in the dynamic headspace of samples collected in the SHF barn.
The samples include: i) silage food (fermented hay), ii) manure collected from the floor of the cattle barn, iii) feces

directly collected form the rectum of an animal, iv) food pellets and v) sawdust.
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4.Conclusion

In the cattle barn at SHF, TMA was the most abundant methylamine emitted with an emission
rate of 22 + 11 mg h* animal™, followed by MMA with an emission rate of 1.9 + 0.9 mg h'*
animal, and finally DMA with an emission rate of 0.49 + 0.17 mg h* animal™. The emission
rate of NHs was 1.5 + 0.6 g h'* animal™. Relative to NHs, the abundance of MMA, DMA, and
TMA were 0.78 x 103, 0.11 x 103 and 4.6 x 1073, respectively. Mean emission rates of NH3 and
TMA were in accordance with previous work; However, they were in the higher end of the
reported range for NHs. According to the diurnal profiles, the methylamines exhibited a
temperature dependence, an observation which was further suggested by plotting NHs and the
methylamines as a function of the temperature. The temperature dependence was strongest for
NHz and MMA. Since the ACR is independent of the temperature, the emission rates were also
found to be temperature dependent, in particular NHz and MMA. More research is required to

characterize the temperature dependence of NHz and the methylamines.

Linear regression analyses between NHs and the methylamines demonstrated a high level of
correlation between NHs, MMA, and DMA, which indicates that they originate from the same
source, animal excrements being the most prominent candidate. The correlation between NH3
and TMA was poorer, indicating some differences in formation and/or volatilization. To
investigate additional sources, a linear regression was fitted between TMA and CHas; however,
no correlation was observed, and TMA is most likely not emitted from rumination. Laboratory
measurements from UiO confirmed cattle feces as a prominent source of TMA; However, an
additional, minor source was suggested: silage food. DMA was also detected in the headspace
of silage food; However, it had most likely accumulated during storage and is thus not labeled
as a significant source. More research is required to investigate this possible source of amines

from cattle husbandry.

Even though cattle are typically characterized as the largest emitter of amines from animal
husbandry, the contribution from other farm animals is not negligible. Future research should
thus include field measurements on sheep, pigs, and poultry. Kammer et al. (2020) quantified
larger TMA VMRs in a sheep pen than dairy barn. Furthermore, Schade & Crutzen (1995)
found significant emissions of amines from both swine and horses, and VMRS of ~30 ppmV in
a poultry pen, thus approximately one order of magnitude larger than the mean NHz VMRs
obtained from SHF.
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6.Appendix

6.1 Formulas, calculations, and sample preparation

The conversion of concentrations (mol/L) into VMRs (ppbV) when using the LCU. The
formula was provided by IONICON, who constructed the LCU:

Molar volume ideal gas (L/mol) (6_1)

= iaui in) *
VMR (ppbV) = LCU Liquid Flow (uL/min) LCU standard gas flow (uL/min)

* Csolution (mol/L) * 10°

The calculation of the amount of analyte in Qanaiyte/Lsoivent to make calibration solutions (based
onEq.6.1):

VMR (ppbV) LCU standard gas flow (uL/min) (6_2)
LCU liquid flow (uL/min)  Molar volume of ideal gas (L/mol)

* MWanaIyte (g/mol) *10°

ganalyte/ Lsotvent =

The conversion of Ganatyte/ Lsovent 10 MLanatyte/ Lsolvent:

YJanalyte/Lsol
MLanatyte/Lsolvent = Yanalyte/ “solvent (6.3)
Panatyte(g/mL)

where panayre = the density of the analyte (g/mL).

Calculations for the sample preparation of NH;, MMA, DMA, and TMA solutions for the
LCU-calibrations. All solutions were diluted by HPLC-water:

Solution of 10 ppmV NHjs at 10 pL/min LCU liquid flow and 1 L/min dilution

flow:
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12000 ppbV _ 106uL/min (6.4a)

L=
gNH3/ 10 pL/min 224L

* 17.02655 g/mol * 10° = 0.912 g/L

0.912 gyps/L (6.4b)
— Y NH3/Lsolvent —
mLnna/L = 0.900 g/mL =1.01 mL/L
The density of pure NHs is 0.00073 g/mL; however, the NH3 density in the diluted
stock solution (with 28 % NH3) was approximately equal to the density of the solvent
(H20).
Stock solution from manufacturer contained 28 % NHs:
101mL/L _ 3 99 mL/L (6.4¢)
0.28

Solution of 10 ppmV MMA at 10 pL/min LCU liquid flow and 1 L/min dilution

flow:

10000 ppbV . 10°pL/min
10 pL/min 224L (6.5a)

* 31.0422 g/mol * 10° = 1.39 g/L

gmmal/l =

_ 1.39gmma/Lsowent _
mLmma/ll = 0.700 g/mL =1.98 mL/L (65b)

Stock solution for manufacturer contained 40 % MMA:

6.5¢
198 mL/L _ 4.95 mL/L ( )
0.40

Solution of 10 ppmV DMA at 10 pL/min LCU liquid flow and 1 L/min dilution

flow:

10000 ppbV  10°uL/min
*
10 pL/min 22.4L (6.6a)

Ooma/L =

* 45.0579 g/mol * 10° =2.01 g/L

_ 2.01 gpma/Lsolvent _ (66b)
mLpma/L = 0.670 g/mL =3.00 mL/L
Stock solution from manufacturer contained 40 % DMA: (6.60)
.6¢
300mL/L _ 7 59 mi/L
0.40
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Solution of 10 ppmV TMA at 10 pL/min LCU liquid flow and 1 L/min dilution

flow:

10000 ppbV _ 10°yL/min (6.7a)
10 pL/min 22.4L

grmall =
* 59,0735 g/mol * 10° = 2.64 g/L

—— (6.7b)
— 4 TMA/Usolvent —
mLTMA/L = 0.670 g/mL =3.94 mL/L
Stock solution from manufacturer contained 45 % TMA: (6.7¢)
324 mL/L - 8.75 mL/L
0.45

Finally, all solutions prepared according to Eq. 6.4a — 6.7c were diluted from volume mixing
ratios of 10 ppmV to 10 ppbV. Thus, 1 mL was extracted from the respective 10 ppmV solution
and diluted with 1000 mL HPLC-water in a 1 L Erlenmeyer flask:

//l_mL\
1000 mL
HPLC-water

10 ppmV NH; solution 10 ppbV NH3 solution

/IIHL\‘
1000 mL
HPLC-water

10 ppmV MMA, DMA, 10 ppbV MMA, DMA,
and TMA solution and TMA solution
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6.2 Figures
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Figure 6.1: Schematics of the height (in mm) of the cattle barn, used for the calculation of a room volume.
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Figure 6.2: Schematics of the inside of the cattle barn, used for the calculation of a room volume. The area of the

barn is specified in this figure: 1545 m2.
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Figure 6.3: The time series of methanethiol (ncps) as a 30-minute moving-average.
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Figure 6.4: The peaks of methanethiol (ncps) selected for the calculation of the ACR, plotted in a linear scale.
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Figure 6.5: Linear regression of the methanethiol decay rates for the selected peaks presented in Fig. 6.4, plotted
in a logarithmic scale. The dates are not specified; however, the set-up is corresponding to the dates and timestamps

in Fig. 6.4.

Figure 6.6: Samples collected from a cattle barn at SHF. From left: Food pellets, silage, sawdust, “old” manure,

and “fresh” manure.
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Figure 6.7: The peaks assigned to O,* (green), and MMA (small peak at m/z 32.05) from the measurements on
samples from a cattle barn at SHF. The signal of O,* was intense, thus, MMA was not integrated in the mass

spectrum.
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Figure 6.8: Linear regression between the raw data (cps) of NHs* at accurate m/z 17.025 (y-axis) and NH,* at

accurate m/z 18.034 (x-axis).
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Figure 6.9: Emission rates (g animal h') of DMA plotted as a function of air temperature in the barn.
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Figure 6.10: Same as Fig. 6.9 but for TMA.
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