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Abstract: This study investigated the uptake of ammonia (NH3) by secondary organic aerosol (SOA)
particles generated via limonene photooxidation or ozonolysis as well as the uptake of dimethylamine
(DMA) by limonene ozonolysis, α-cedrene photooxidation, or toluene photooxidation SOA in an
environmental chamber between 0–50% relative humidity. In addition to the acid-base equilibrium
uptake, NH3 and DMA can react with SOA carbonyl compounds converting them into nitrogen-
containing organic compounds (NOCs). The effective reactive uptake coefficients for the formation
of NOCs from ammonia were measured on the order of 10−5. The observed DMA reactive uptake
coefficients ranged from 10−5 to 10−4. Typically, the reactive uptake coefficient decreased with
increasing relative humidity. This is consistent with NOC formation by a condensation reaction
between NH3 or DMA with SOA, which produces water as a product. Ammonia is more abundant
in the atmosphere than amines. However, the larger observed reactive uptake coefficient suggests
that amine uptake may also be a potential source of organic nitrogen in particulate matter.

Keywords: ammonia; dimethylamine; aerosol mass spectrometry; atmospheric reactive nitrogen
species; nitrogen-containing organic compounds

1. Introduction

Ammonia (NH3) is the most abundant basic gas in the atmosphere and constitutes
the majority of total reactive nitrogen [1]. In addition, NH3 plays a major role in the
nitrogen cycle and controls the eutrophication or acidification of ecosystems. Therefore,
its concentration in various environmental compartments is particularly noteworthy [2,3].
In the U.S. and worldwide, the largest sources of NH3 emissions are agricultural and
farming practices (~85% of total US NH3 emissions, 80–90% of global anthropogenic NH3
emissions) such as commercial fertilizer application and animal waste [4–7]. Over the
past two decades, atmospheric NH3 has increased and is expected to continue to increase
as a result of rising global temperature, increasing agricultural activity, and intensifying
fertilizer use due to a growing human population [8–10].

Due to the significant impact NH3 has on the environment, there have been several
studies investigating how it influences the formation and aging of atmospheric fine par-
ticulate matter (PM2.5) [11–13]. Through reactions with acidic species, NH3 is converted
into ammonium salts, such as ammonium nitrate and ammonium sulfate, which make
up a large fraction of the total PM2.5 mass in the atmosphere [14]. Fine particulate matter
consists of approximately 25–50% inorganic compounds and 40–65% organic compounds
by mass [15,16]. Gaseous NH3 is a precursor to inorganic aerosols and is generally the lim-
iting reactant in their formation [12,17]. Inorganic aerosols have been proven to adversely
impact human health [17,18], decrease visibility [19], and affect the atmospheric radiative
balance [20,21].

Atmosphere 2021, 12, 1502. https://doi.org/10.3390/atmos12111502 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-9427-1076
https://orcid.org/0000-0003-2272-0976
https://orcid.org/0000-0002-5130-4122
https://orcid.org/0000-0003-0891-0052
https://doi.org/10.3390/atmos12111502
https://doi.org/10.3390/atmos12111502
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12111502
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12111502?type=check_update&version=1


Atmosphere 2021, 12, 1502 2 of 15

Amines are relatively less abundant than NH3 in the atmosphere [22–24]. Neverthe-
less, amines may provide a source of atmospheric reactive nitrogen and their impact on
atmospheric aerosol dynamics should be investigated. The most abundant amines contain
one to six carbon atoms, including methylamine, dimethylamine, trimethylamine, ethy-
lamine, diethylamine, triethylamine, 1-propanamine, 1-butanamine, and larger amines [23].
Anthropogenic sources of amines include animal husbandry, industrial operations, automo-
biles, cooking, composting, and sewage [23]. Examples of natural sources of amines include
emissions from biological marine processes, vegetation, biomass burning, and geologic
sources, such as volcanic eruptions [23]. When emissions of NH3 and amines are measured
in tandem, emissions of individual amines are typically two to three orders of magnitude
smaller than those of NH3 [22,25–28]. For example, Schade and Crutzen (1995) relied on
animal husbandry emissions to estimate that the combined annual global emissions of
methylamines were approximately two orders of magnitude smaller than NH3 emissions
(145 Gg N yr−1 from amines versus 23.3 Tg N yr−1 from NH3) [26]. When emissions from
marine and biomass were also considered, the estimated global NH3 emissions remained
about two orders of magnitude larger than those from methylamines [23,29]. Although con-
centrations of gaseous amines are expected to be two to three orders of magnitude smaller
than NH3 in the gas phase, their particulate concentrations are similar in magnitude [30,31].

Both NH3 and amines contribute to PM mass through the formation of low volatility
salts, and through new particle formations using acid-base equilibria [32,33].

NR3 (g) + HNO3 (g) � HNR3NO3 (s) Rxn 1

NR3 (g) + H2SO4 (g) � HNR3HSO4 (s) Rxn 2

NR3 (g) + HNR3HSO4 (s) � (HNR3)2SO4 (s) Rxn 3

Theoretical studies indicate that amines are more effective than NH3 at stabilizing
sulfuric acid—amine clusters that lead to new particle formation [34–36]. A theoreti-
cal study comparing the relative efficiencies of methylamines to stabilize sulfuric acid
showed that the stabilizing strength of NH3 and amines increases in the following way:
NH3 < monomethylamine < trimethylamine ≤ dimethylamine [37]. Evidence for particle
formation from DMA–H2SO4–H2O clusters were observed in the megacity of Shanghai,
China [38].

Other pathways explored in laboratory experiments by which amines may contribute
to aerosol mass include the gas-phase oxidation of amines by O3, OH, and NO3 [32,39],
gas-phase oxidation of a known SOA precursor in the presence of dimethylamine [40], and
reactions between amines and carbonyl species in the gas and bulk phase [41–46]. Previous
studies investigating the browning of SOA after NH3 exposure have proposed reaction
pathways for browning in which carbonyl groups in the SOA react with NH3 and produce
water as a byproduct [47–50].

NH3 (g) + R1R2C=O (l) � R1R2C(OH)NH2 (l) � R1R2C=NH (l) + H2O (g) Rxn 4

The resulting imines are not stable and equilibrium (Rxn 4) is normally shifted to the
left, however, certain imines can further react to produce more stable compounds with
nitrogen-containing aromatic rings. Such compounds tend to absorb visible and near-UV
radiation making them appear brown, and the change in the optical properties of organic
aerosols after exposure to NH3 or amines is one indication that reactions occur between
species in the aerosol and NH3 or amines. Liu et al. (2018) investigated the reactive uptake
of NH3 by toluene SOA and found that when the relative humidity (RH) was increased
from 20–60%, the uptake of NH3 also increased [51]. The proposed explanation for this
trend was that due to the high viscosity of toluene SOA, the reactive uptake and diffusivity
of NH3 is kinetically inhibited at RH < 20% because toluene SOA can be classified as a
glassy material under dry conditions. The transition from diffusion-limited to saturated
uptake occurred between 20–60% RH, which suggested that toluene secondary organic
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material (SOM) is semi-solid within this RH range. Above 60% RH, the reactive uptake
of NH3 no longer increased with RH. This was attributed to the toluene SOM behaving
as a viscous liquid in this RH range [52,53]. Conversely, for less viscous SOA such as
limonene SOA [54], increasing the RH may, in theory, suppress the reactive uptake of NH3
since Rxn 4 follows a condensation mechanism that is accompanied by a loss of water.
Therefore, increasing RH can favor the reverse reaction and suppress NH3 uptake by SOA.
Analogous studies exploring the effect of RH on amine uptake by SOA are lacking. It is
therefore important to study different types of SOA to determine how the effect of viscosity
(suppressing the reaction under dry conditions) competes with the condensation-driven
reaction mechanism (promoting the reaction under dry conditions).

The goal of this work is to investigate the reactive uptake of NH3 and dimethylamine
(abbreviated as DMA from here on, one of the most common amines in the atmosphere) into
SOA formed from both biogenic and anthropogenic VOCs. In this study, we focused on the
incorporation of organic N into aerosol particles for evidence of NH3 and DMA reactions
with SOA and considered the effects of RH on this process. We find that increasing RH led
to increased reactive uptake for highly viscous SOA, but for less viscous SOA, increasing
RH instead suppressed amine uptake.

2. Materials and Methods

The reactive uptake of NH3 and DMA by SOA particles was investigated using a 5 m3

Teflon environmental chamber. The RH in the chamber ranged from <2% (dry air) to 50%
RH for different experimental trials to examine its effects on NH3/DMA uptake by SOA.
The desired RH was achieved by filling the chamber with purged air (filtered and scrubbed
of VOCs, CO2, and water vapor) through a multi-channel Nafion humidifier. The relative
humidity (±2% RH) and temperature (±1 ◦C) were monitored with a Vaisala HMT330
probe throughout the experiment.

The chamber was operated in a batch mode at room temperature (23–24 ◦C) in the
following order. A seed solution of nicotinic acid (C6H5NO2, 99.5%, Sigma Aldrich, St.
Louis, MO, USA) in deionized water (1 g L−1) was atomized into the chamber prior to the
injection of the selected VOC (50 ppb of d-limonene or α-cedrene or 1000 ppb for toluene).
The nitrogen-containing seeds served as an internal standard for nitrogen in the particles
when analyzing particle composition data. The seed particles were not neutralized prior
to injection into the chamber. A biogenic or anthropogenic VOC, specifically d-limonene
(97%, Sigma-Aldrich, St. Louis, MO, USA), α-cedrene (98%, Sigma-Aldrich, St. Louis,
MO, USA), or toluene (99.8%, Fisher Scientific, Hampton, NH, USA), was evaporated into
the chamber through a heated inlet. In all experiments, prior to oxidation, gases in the
chamber were mixed with a fan for 10 min and a Proton-Transfer-Reaction Time-of-Flight
mass spectrometer (PTR-ToF-MS; Ionicon model 8000, Innsbruck, Austria) with H3O+ as
the reagent ion was used to confirm that the VOC was well mixed (signal was stable)
before initiating oxidation. Mass calibration for the PTR-ToF-MS was performed using
three ions commonly observed in room air: m/z 21.0226 (H3

18O+), 29.9980 (NO+), and
59.0497 (C3H6O+). The drift tube operated at 60.0 ◦C (Tdrift), 2.30 mbar (Pdrift), and 600 V
(Udrift).

Depending on the oxidation pathway desired, either aqueous H2O2 (30 wt.%, Fisher
Scientific, Hampton, NH, USA) or ozone (O3) generated from an O3 generator (OZ2SS-
SS, OzoneTech, Hägersten, Sweden) was injected into the chamber for photooxidation
or ozonolysis experiments, respectively. After injection of H2O2, the UV-B lights were
turned on to initiate photooxidation and generate SOA. The ozonolysis experiments were
performed in the dark and ozone concentrations were monitored using an O3 analyzer
(Model 49i, ThermoScientific, Waltham, MA, USA). All experiments were performed under
low-NOx conditions because under high NOx conditions it would be hard to distinguish
the reactive uptake of NH3/amines from the uptake of NOx by the SOA since the NH3
monitor used for our calculations is sensitive to NOx concentrations (discussed below). A
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summary of the experimental trials is provided in Table 1 and a flowchart of SOA systems
investigated is shown in Figure S1.

Table 1. Summary of chamber conditions for experimental trials performed. LIM = d-limonene, CED = α-cedrene;
TOL = toluene. The column with γ values lists total uptake coefficients determined from Equation (1). The nN columns
list the calculated increase in moles of N in the particles after exposure to NH3 or DMA calculated from the monitor data
(Equation (3)) and AMS data (Equation (4)). The increase in N:C ratio 2 h after the injection of NH3 or DMA is reported as
∆N:C. Adding 2 ppm of H2O2 resulted in an [OH] of ~1.4 × 106 molec.cm−3.

Nitrogen
Source

VOC/
Oxidant

[VOC]
(ppb)

[H2O2]
(ppm)

[O3]
(ppb) RH (%) ΥNH3 or DMA

Normalized
ΥNH3 or DMA

NH3
Monitor AMS

∆N:CnN Added
(mol)

nN Added
(mol)

NH3

LIM/OH 50 1 - 50 3.9 × 10−4 9.7 × 10−6 1.7 × 10−5 4.2 × 10−7 0.005
LIM/OH 50 1 - 50 4.9 × 10−4 1.5 × 10−5 1.9 × 10−5 6.0 × 10−7 0.004
LIM/OH 50 1 - 50 2.9 × 10−4 4.7 × 10−6 1.3 × 10−5 2.1 × 10−7 0.005
LIM/OH 50 1 - 20 9.0 × 10−4 1.5 × 10−5 3.2 × 10−5 5.5 × 10−7 0.002
LIM/OH 50 1 - <2 8.3 × 10−4 2.7 × 10−5 4.0 × 10−5 1.3 × 10−6 0.003
LIM/OH 50 1 - <2 8.2 × 10−4 3.3 × 10−5 9.0 × 10−6 3.6 × 10−7 0.003
LIM/O3 50 - 500 50 2.0 × 10−4 2.5 × 10−6 2.6 × 10−5 3.3 × 10−7 0.008
LIM/O3 50 - 500 50 6.4 × 10−4 2.5 × 10−5 2.5 × 10−5 9.8 × 10−7 0.007
LIM/O3 50 - 500 50 5.0 × 10−4 3.2 × 10−5 1.7 × 10−5 1.1 × 10−6 0.011
LIM/O3 50 - 500 20 2.1 × 10−4 1.7 × 10−5 2.0 × 10−5 1.6 × 10−6 0.007
LIM/O3 50 - 500 <2 2.0 × 10−4 1.2 × 10−5 1.3 × 10−5 8.0 × 10−7 0.004

DMA

LIM/O3 50 - 500 50 2.2 × 10−4 2.8 × 10−5 3.2 × 10−5 4.1 × 10−6 0.026
LIM/O3 50 - 500 20 1.8 × 10−4 3.0 × 10−5 2.9 × 10−5 4.8 × 10−6 0.039
LIM/O3 50 - 500 <2 3.4 × 10−4 8.0 × 10−5 3.6 × 10−5 8.5 × 10−6 0.073
CED/O3 50 - 500 50 3.3 × 10−4 1.5 × 10−5 3.1 × 10−5 1.4 × 10−6 0.017
CED/O3 50 - 500 20 2.0 × 10−4 1.2 × 10−5 3.6 × 10−5 2.1 × 10−6 0.021
CED/O3 50 - 500 <2 2.1 × 10−4 3.2 × 10−5 3.2 × 10−5 4.8 × 10−6 0.048
TOL/OH 1000 2 - 20 3.5 × 10−3 1.0 × 10−4 4.0 × 10−5 1.2 × 10−6 0.036
TOL/OH 1000 2 - 20 2.5 × 10−3 7.6 × 10−5 3.6 × 10−5 1.1 × 10−6 0.040
TOL/OH 1000 2 - <2 2.2 × 10−3 3.4 × 10−5 3.9 × 10−5 6.0 × 10−7 0.037

The mixing ratio used for toluene was higher than that of the biogenic VOCs to adjust
for the slower oxidation rate of toluene compared to limonene and α-cedrene, as well as the
apparent suppression of the SOA mass yield for toluene SOA at higher relative humidity
under low-NOx conditions [55]. After oxidant injection, the fan in the chamber was turned
off to slow down wall loss. Particle mass concentration was allowed to reach a peak value
as measured by a scanning mobility particle sizer (SMPS; TSI 3080, Shoreview, MN, USA)
equipped with a condensation particle counter (CPC; TSI 3775, Shoreview, MN, USA).

In some experiments, a gas mixture containing NH3 (1000 ppm NH3 in N2, Airgas,
Santa Ana, CA, USA) was introduced into the chamber. In the remaining experiments,
aqueous NH4OH (28 wt.%, Fisher Scientific, Hampton, NH, USA) or aqueous DMA
(40 wt.%, Sigma-Aldrich, St. Louis, MO, USA) solution was evaporated into the chamber
with an airflow. The target mixing ratio of NH3 or DMA in the chamber was 500 ppb.
However, due to losses in the inlet lines and chamber walls the actual mixing ratio was
approximately 200 ppb as verified with a calibrated NH3/NOx analyzer (Ecotech 9842,
Warren, RI, USA). The monitor detects NH3, small amines, and other simple nitrogen-
containing organic compounds (NOCs) by converting them to NO on a Pt-based catalyst
and then detecting NO via chemiluminescence. The analyzer’s response to DMA was
tested by adding multiple injections of DMA into the chamber, and the analyzer’s response
increased at concurrent times with the injections, verifying that it does respond to changes
in DMA concentrations (Figure S2). The NH3 monitor was not responsive to anything else
added into the chamber (i.e., H2O2 and VOCs). Particle volume and number concentration
were also monitored using the SMPS. The chemical composition of SOA particles was
monitored using an online High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS or AMS; Aerodyne, Billerica, MA, USA) operated in V and W-mode. Particles
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were vaporized at 600 ◦C and ionized using EI (70 eV). The AMS data were analyzed using
Igor Pro v. 6.37 (Wavemetrics, Inc., Portland, OR, USA) with SQUIRREL (v. 1.62A) and
PIKA (v. 1.22A) software. The “improved-ambient” method mentioned in Canagaratna
et al. (2015) was used to generate elemental ratios for the experimental data [56].

3. Results and Discussion
3.1. Effect of NH3 and DMA on SOA Concentration and Composition

Figure 1 is an example of SMPS-recorded data for typical DMA uptake by TOL/OH
and LIM/O3 SOA at low relative humidity (<2% RH). The experiment began with the
injection of nicotinic acid seeds (light blue region), which led to an initial rapid increase
in particle number concentration (blue trace); subsequently, the number concentration
decreased as seed particles coalesced and some were deposited onto the walls. As the SOA
was generated through photooxidation (yellow region), the particle number concentration
(blue trace) exhibited small changes while the particle mass concentration (red trace) rose
significantly suggesting that most of the new SOA particles formed on the pre-existing seeds
(Figure 1a). After photooxidation was stopped, the SOA was exposed to dimethylamine
(green region) and the particle number and mass concentrations remained unaffected. This
is consistent with our expectation that the chemical uptake of NH3/amine should not
significantly change the mass of the reacting SOA because it is expected that the original
SOA carbonyls and the NOCs they convert into will have a similar molecular weight due
to loss of water molecules during the production of these NOCs.
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Figure 1. Summary Particle number concentration (blue trace, left Y-axis) and particle mass concen-
tration (red trace, right Y-axis) for (a) TOL/OH SOA at low relative humidity and (b) LIM/O3 SOA
at low relative humidity. The blue shaded area corresponds to the addition of nicotinic seed particles,
the yellow shaded area corresponds to photooxidation, and the green shaded area corresponds to the
injection of DMA.

SMPS data for d-limonene or α-cedrene SOA exposed to NH3 or DMA in the chamber
were similar to that from toluene SOA. Again, as shown in Figure 1, there was no significant
change in particle number and mass concentrations after exposure of the SOA to DMA. One
distinction between the SOA made from the biogenic VOCs (d-limonene, α-cedrene) versus
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toluene was that the d-limonene and α-cedrene oxidation formed particles significantly
faster. The dynamics of the system is seen in Figure 1b, whereupon the addition of O3 in
the chamber, there is a rapid increase in the particle number concentration (blue trace),
suggesting that upon oxidation new particles formed in addition to growing onto the
pre-existing seed particles (this does not change the results of the AMS analysis described
below because nicotinic acid was still present in some of the particles, and AMS spectra
were averaged over many sampled particles).

Figure 2 compares the reactive uptake of NH3 to that of DMA by LIM/O3 SOA parti-
cles under low RH. For this comparison, d-limonene SOA was used because it exhibited a
more efficient reaction with NH3 in comparison to toluene SOA [48]. When exposed to the
same mixing ratios of NH3 and DMA (200 ppb), d-limonene SOA had a higher reactivity
with DMA as shown by the faster and larger increase in the N:C ratio in the particles.
More specifically, when exposed to NH3, the N:C ratios of the d-limonene SOA particles
increased by 0.004 after nearly 2 h (Figure 2a); while the increase in the N:C ratios was
an order of magnitude greater (∆N:C = 0.073) 2 h after DMA exposure (Figure 2b). This
finding is novel and suggests that DMA uptake will result in a larger organic nitrogen
fraction in the condensed phase compared to NH3 uptake by SOA. Therefore, the amount
of organic nitrogen in the particulate matter could be underestimated based on atmospheric
models that currently neglect this formation pathway.
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Figure 2. Elemental ratios of LIM/O3 SOA particles when exposed to (a) NH3 and (b) DMA at low
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Figure 3 shows LIM/O3 SOA and CED/O3 exposed to DMA at varying levels of RH.
The exposure of LIM/O3 SOA to DMA (yellow region) under low RH (Figure 3a) led to an
increase in the N:C ratio of 0.073. As the RH increased to 20% (Figure 3b, ∆N:C = 0.039) and
then to 50% (Figure 3c, ∆N:C = 0.026), the change in the N:C ratios for the particles after
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DMA exposure was not as large. A similar trend was observed for CED/O3 exposed to
SOA at varying RH, where the largest change in N:C ratio after DMA uptake was observed
at low RH (Figure 3d, ∆N:C = 0.048) whereas the increase in the N:C ratios was suppressed
at elevated RH as shown in Figure 3e for 20% (∆N:C = 0.021) and Figure 3f for 50% RH
(∆N:C = 0.017). These observations are consistent with the proposed mechanism outlined
in Rxn 4 where the uptake of amines leads to condensation reactions where one or more
water molecules are produced, therefore as RH increases and the reverse reaction is favored,
the uptake of DMA is suppressed. The competing effect of slowing the reaction by more
viscous particles at lower RH is not as important. The increase in the N:C ratio, due to
DMA uptake, also appears to be precursor dependent.
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Figure 4 shows toluene photooxidation SOA exposed to DMA at low and 20% RH. The
exposure of toluene SOA to DMA (yellow region) increased the N:C ratio of approximately
0.040 at both low (Figure 4a) and 20% RH (Figure 4b) after 2 h. In addition, there was
an increase in the H:C ratio of 0.012, which is consistent with the replacement of C=O
with C=NH, indicating that DMA uptake led to the formation of NOCs within the aerosol.
Figure 4a shows an initial increase in the N:C ratio during the lamps on a period (red
region) which was attributed to nicotinic acid seed particles coalescing with other particles
during SOA formation, as seen in the number concentration data in Figure 1a. This effect
was less pronounced at 20% RH because the particle yield was lower and therefore the
coagulation with other particles was as not as prominent. As the N:C ratios were not
corrected for particle coagulation, the increased error is expected for the N:C and DMA
uptake coefficients reported for the toluene dataset. Within this range of RH (0–20%), Liu
et al. (2018) reported no significant change in NH3 uptake by toluene SOA [51]. In that same
publication, they reported an increase in NH3 uptake by toluene SOA with an increase
in RH when the RH was between 20% and 60%, explaining that the limitations in mass
transfer rate for uptake due to the high viscosity of toluene SOA at low RH disappear at
RH > 20% [51]. Unfortunately, our toluene SOA measurements at 50% RH were not reliable
due to the strong suppression of SOA yield at elevated RH, and therefore the conclusions
made by Liu et al. (2018) could not be verified in this work. Additional experiments using
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a higher particle concentration for increased humidity are needed to identify the impact
RH has on DMA uptake by toluene SOA.
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When looking at the N-containing families, the largest increase after DMA exposure
was in the CHN family for all three SOA systems investigated (shown in Figure 5), indi-
cating that DMA uptake led to an increase in organic nitrogen within the particles. The
15 most prominent N-containing fragments observed using the AMS after DMA expo-
sure to LIM/O3 SOA, CED/O3 SOA, and TOL/OH SOA are reported in Table S1. These
fragments were taken from mass spectra averaged over the time DMA was injected until
the end of the experiment. The fragmentation pattern for nicotinic acid seed aerosol is
shown in Figure S3a (average mass spectrum extracted from when only seed was present
in the chamber prior to generation of LIM/O3 SOA at <2% RH) and the top 6 N-containing
fragments from this mass spectrum are listed in Table S2. The average mass spectrum
for LIM/O3 SOA after exposure to DMA is shown in Figure S3b. Nicotinic acid does
fragment into some higher carbon atoms fragments (Table S2), but only contributes to a
minor portion of the overall signal after exposure of the particle to DMA.

The dominant fragment ion of aliphatic amines in electron impact ionization is formed
through alpha-cleavage [57]. This has been observed in the AMS with secondary and
tertiary amine salts [58]. In the case of DMA, the alpha-cleavage fragmentation would
form m/z 44.050, which corresponds to the dominant N-containing peak (C2H6N+) in the
CED/O3 and TOL/OH experiments, and the fourth largest in the LIM/O3 experiment at
low RH. In addition, the presence of m/z 45.058 within the SOA (Table S1), which has the
same mass as DMA+ (C2H7N+), could indicate that a portion of DMA uptake may lead to
non-reactive uptake within the time of the experiment. However, distinguishing salts of
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DMA from NOCs (which could produce a similar m/z) formed during reactive uptake is
difficult based on AMS data alone. Therefore, the extent to which non-reactive uptake of
DMA occurred in the SOA systems investigated is not clear.
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3.2. Uptake Coefficients from NH3 Monitor Data

When SOA in the chamber was exposed to a pulse of NH3 or DMA, the measured
concentration of NH3 and DMA decayed (Figure S4) and NOC fragments started to appear
in the AMS spectra. The uptake coefficients for NH3 and DMA were independently
calculated in two ways: from observing the decay of these compounds measured with the
NH3 monitor and from the build-up of NOC measured by AMS. A first-order exponential
decay fit was applied to the decay curve of NH3 or DMA mixing ratios plotted over time
between peak NH3 or DMA concentration until the end of the chamber run (an example
is shown in Figure S4). The rate of loss of NH3 or DMA in presence of SOA was an order
of magnitude larger than in an empty chamber (Figure S5), and no correction for the wall
loss was applied. The first-order loss rate coefficient, k (s−1) extracted from the decay fit
equation, was used in Equation (1) to determine the effective reactive uptake coefficient (γ)
for NH3 or DMA by the SOA particles.

γ =
4 × k

vNH3 × carea
(1)
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At room temperature, the average speeds of NH3 molecules (νNH3) and DMA molecules
(νDMA) are 6.1 × 102 m s−1 and 3.7 × 102 m s−1, respectively. The particle surface area
concentrations, carea (m2 m−3), were calculated by averaging the total surface area of the
particles (obtained from the SMPS) from the point of NH3 or DMA peak concentration
through the end of the experiment. This time segment matched the period for which the
first-order loss rate coefficient was calculated. Note, that this method cannot distinguish
uptake due to the formation of organic nitrogen compounds in particles, and the neutraliza-
tion of acids. Therefore, it measures the total uptake coefficient. This method also cannot
distinguish a decrease in signal due to gas-phase wall loss.

In this approach, the number of moles of nitrogen added to the particles, nadded
N

(mol), can be predicted from the loss in the concentration of NH3 or DMA after injection,
neglecting gas-phase wall loss. For simplicity, NH3 is used in the following equations, but
similar equations can be used in the same manner for DMA.

nadded
N = ([NH3]0−[NH3]t)× Vchamber (2)

The starting concentration of NH3, [NH3]0, depends on the known amount we inject,
and the concentration of NH3 at some later time t, [NH3]t, can be obtained from the first-
order decay fit of the NH3 loss. The volume of the chamber (Vchamber) was 5 m3. Therefore
Equation (2) above can be expressed as:

nadded
N = [NH3]0 ×

(
1 − e−k×∆t

)
×Vchamber (3)

The first-order loss rate coefficient, k, is the same one used in the uptake coefficient
calculations in Equation (1) above.

3.3. Uptake Coefficients from AMS Data

Elemental composition from the AMS data was used for direct measurement of the
amount of N added to the particles. AMS can sensitively detect the presence of nitrogen in
particles, and furthermore, it can measure separately organic and inorganic nitrogen. Prior
to NH3 or DMA injection, nicotinic acid was the only source of N in the particles and was
responsible for the initial average total N:C ratio of the particles. After the injection of NH3
or DMA, the increase in the N:C ratio of the particles was used to calculate the moles of
organic N added due to the reactive uptake of NH3 or DMA by the SOA particles, using
the following equation:

nadded
N = n0

N × (
N : C after NH3 injection

N : C before NH3 injection
− 1) (4)

The initial moles of nitrogen in the particles (n0
N were calculated from the concentration

of nicotinic acid seed aerosols present in the chamber before organic aerosol formation and
before NH3 or DMA injection. Equation (4) assumes that the amount of organic carbon in
particles is not strongly affected by the reaction of SOA with NH3 or amine (this assumption
is confirmed by explicit measurements as discussed below). It also assumes that AMS is
equally sensitive to the nicotinic acid and to the organic nitrogen compounds formed in
the reaction. This assumption is hard to test, but it is reasonable, given that light-absorbing
NOC are believed to be N-containing heteroaromatic compounds [59].

The NH3 monitor method cannot distinguish uptake due to wall loss or the formation
of organic nitrogen compounds in particles due to neutralization of acids and physical
dissolution of NH3 or amine in the particle material. Therefore, it measures the total uptake
coefficient. Given that the elemental ratios in the particles as determined with the AMS
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should be less sensitive to wall loss effects, AMS data were used to obtain a normalized
uptake coefficient, using the following equation:

normalized γNH3 = γNH3 ×
nadded

N (AMS)
nadded

N (NH3 monitor)
(5)

The calculated uptake coefficients, normalized uptake coefficients, and moles of added
nitrogen calculated using both the NH3 monitor and AMS are reported in Table 1. In addi-
tion, the difference in N:C ratios before and 2 h following NH3/DMA injection are reported
in Table 1, based on AMS data. The normalized NH3/DMA uptake coefficients were an
order of magnitude lower (10−4 to 10−5 for most trials). As mentioned previously, LIM/O3
SOA uptake was more efficient when exposed to DMA compared to NH3; for example,
at <2% RH DMA uptake after normalization was 8.0 × 10−5 compared to 1.2 × 10−5 for
NH3. Although NH3 uptake was less than DMA for the SOA systems studied here, there
was a trend with greater NH3 uptake typically occurring at lower humidity as seen with
LIM/OH and LIM/O3 SOA. There are some discrepancies between the uptake coeffi-
cients calculated for replicates, such as those for LIM/O3 SOA exposed to NH3 at 50%
RH (2.0 × 10−4–6.4 × 10−4), which is attributed to scattering within our measurements.
In addition, there are similar uptake coefficients between LIM/O3 and LIM/OH at 20%
RH and <2% and up to 4.5 times difference at 50% RH. This was attributed to a larger
increase in the N:C ratio at lower RH from increased SOA yield, whereas at higher RH the
SOA yield was suppressed leading to more scatter in the data points and increased error in
determining elemental ratio changes.

LIM/O3 SOA exhibited higher DMA uptake coefficients at low RH compared to
CED/O3 SOA and TOL/OH SOA, indicating that uptake is precursor dependent. More
measurements are needed to confirm the DMA uptake coefficient trend with TOL/OH
SOA at varying RH. However, from the two RHs investigated, the normalized uptake
coefficients for DMA were slightly higher at 20% RH (7.6 × 10−5 and 1.0 × 10−4) compared
to <2 %RH (3.4 × 10−5) although the calculated change in N:C ratio 2 h after the DMA
injection was similar amongst the three trials (∆N:C= 0.04). These findings could suggest
that highly viscous SOA, such as TOL/OH SOA is more sensitive to diffusion limitations
rather than RH suppression of NOC formation. Therefore, it is recommended that more
SOA systems be investigated to help elucidate the effect of particle viscosity on NH3 and
amine-reactive uptake by SOA. In addition, experiments using the same SOA system over
a variety of temperatures, crossing the glass transition temperature, are recommended to
observe the effects of particle viscosity on NH3 or amine uptake by SOA.

4. Atmospheric Implications

In a recent study by Zhu et al. 2018, the mass of SOA in the atmosphere over the
contiguous U.S. was simulated using a modified chemical transport model (WRF-CMAQ)
that incorporated a first-order loss rate for NH3 onto SOA for winter and summer of 2011
using a range of NH3 uptake coefficients (10−5–10−3) [60]. Zhu et al. found the NH3 uptake
coefficient of 10−5 did not impact the total SOA mass yield significantly, whereas at 10−3

there was a strong effect [60]. In this study, the uptake coefficients for NH3 were on the
order of 10−4, which falls within the range of previously reported NH3 uptake coefficients
for α-pinene ozonolysis SOA and m-xylene SOA [61]. DMA uptake coefficients determined
in this study ranged from 10−4–10−3, with higher uptake coefficients observed for TOL/OH
SOA than in the LIM/O3 or CED/O3 SOA at high RH. Overall, most NH3/amine uptake
coefficients were found to be on the order of 10−4, which is in the middle of the range
found in Zhu et al. 2018. However, after normalizing the uptake coefficients (to account
for possible gas-phase wall loss in the chamber) they are closer to the lower end of the
range (10−5) simulated by Zhu et al. 2018, meaning the effect is not likely to be strong for
SOA mass (0.9% increase in biogenic SOA mass in the summer compared to the base case
of no uptake). Although the effect on SOA mass is not predicted to be large, the indirect
impact that NH3/amine uptake by SOA would have on increased aerosol aqueous-phase
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acidity (through a reduction in NH4
+ originally formed from NH3 that is instead being

converted into NOCs), is still large. Zhu et al. 2018 reported an interesting effect that
even at a low uptake coefficient of 10−5 there was an increase in the AISO3 (isoprene
epoxydiols derived from acid-catalyzed ring-opening reactions) mass concentration by
16.2% during the summer compared to the base case of no NH3 uptake [61]. This pathway
demonstrates the significant effect that NH3/amine uptake has on atmospheric chemistry
even at considerably low uptake coefficients and the need for including such a parameter
into air-quality models for more representative simulation results.

This study illustrates that DMA uptake to secondary organic aerosol is more efficient
than that of NH3 by secondary organic aerosol. Thus, while NH3 is more abundant in the
atmosphere, amine uptake may still be a potential source of organic nitrogen in particulate
matter. This idea is indirectly supported by field studies in which amine concentrations are
more similar to NH3 concentrations in the particulate phase than in the gas phase [30,31].
Emission inventories for amines are not as robust as for NH3, making air quality simulations
(as described earlier for NH3 uptake) difficult. However, the experiments suggest that the
uptake of amines may be an important source of organic N in particulate matter. Here, the
focus was on DMA, a C2 amine, but other common atmospheric C1–C6 amines remain to
be explored and those with even lower volatilities than DMA may lead to more efficient
uptake by SOA.

The observations reported are consistent with previous studies suggesting that the
reaction of NH3 with carbonyls in the SOA resulting in the loss of water is an important
pathway in the uptake of NH3 by SOA. Amine reactions may undergo similar dehydration
reactions and therefore as relative humidity increased, the reverse reaction was favored
resulting in the observed suppression of amine uptake by LIM/O3 and CED/O3 SOA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12111502/s1, Figure S1: Flowchart of SOA systems investigated, Figure S2: NH3 monitor
response to DMA injections, Table S1: Prominent N-containing fragments after DMA exposure,
Figure S3: Average mass spectrum for nicotinic acid and LIM/O3 SOA after DMA exposure, Table S2:
Prominent N-containing fragments from nicotinic acid, Figure S4: Uptake of DMA onto LIM/O3
SOA, Figure S5: Wall loss of ammonia vs. uptake by SOA.
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