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Abstract

Alkaline gases such as NH3 and amines play important roles in neutralizing acidic
particles in the atmosphere. Here, two common gaseous amines (dimethylamine (DMA)
and trimethylamine (TMA)), NH3, and their corresponding ions in PMas were
measured semi-continuously using an Ambient Ion Monitor-lon Chromatography
(AIM-IC) system in marine air during a round-trip cruise of approximately 4000
kilometers along the coastline of eastern China. The concentrations of particulate DMA,
detected as DMAH", varied from <4 ng m~ to 100 ng m™ and generally decreased with
increasing atmospheric NH3 concentrations. Combining observations with
thermodynamic equilibrium calculations using the Extended Aerosol Inorganics Model
(E-AIM) indicated that the competitive uptake of DMA against NH3 on acidic aerosols

generally followed thermodynamic equilibria and appeared sensitive to DMA/NH3
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molar ratios, resulting in molar ratios of DMAH" to DMA+DMAH" of 0.31£0.16
(average+/-standard deviation) at atmospheric NH3 concentrations over 1.8 pg m™
(with a corresponding DMA/NH3 ratio of (1.8 £1.0)x1072), 0.80 + 0.15 at atmospheric
NH; concentrations below 0.3 pg m™ (with a corresponding DMA/NH; ratio of
(1.3£0.6) x102), and 0.56 + 0.19 in the remaining cases. Particulate TMA
concentrations, detected as TMAH", ranged from <2 ng m™ to 21 ng m~, and decreased
with increasing concentrations of atmospheric NH3. However, TMAH" was depleted
concurrently with the formation of NH4NO; under low concentrations of atmospheric
NH3, contradictory to the calculated increase in the equilibrated concentration of

TMAH' by the E-AIM.
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Synopsis

This study reveals the uptake of dimethylamine and trimethylamine against ammonia
on acidic particles in ambient air and dispersed combustion plumes.
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Keywords: acid-base neutralization, dimethylamine, trimethylamine, ammonia, gas-

aerosol partitioning.

1. Introduction
Acid-base reactions are an important pathway in the formation of secondary inorganic
and organic particulate matter in the atmosphere.!”” Ammonia is the most abundant

10,11

alkaline gas in the atmosphere; ™" its uptake by acidic aerosols, followed by acid-base

neutralization reactions, influences air quality, acid rain, and the climate.!*!
Alkylamines, as derivatives of ammonia, have stronger alkalinity than ammonia and
may potentially compete with ammonia to participate in atmospheric acid-base
reactions.”'®2% For example, dimethylamine (DMA), one of major amines in the
atmosphere,’>?! has been recently reported to overwhelm atmospheric ammonia in
generating new particles through neutralizing sulfuric acid.>”’ However, the
neutralization of acids by amines such as DMA and trimethylamine (TMA) may be
more complicated than by ammonia. For example, completely neutralized
(TMAH)2S04 1n aqueous droplets has been reported to convert to a bisulfate solution,
whereas (DMAH),SO4 in aqueous droplets equilibrates to (DMAH3)H(SO4)2, which is

analogous to letovicite .2%2*2

The competition between gaseous amines and ammonia to neutralize acidic particles
has been investigated through laboratory experiments and simulated in 3-D global and

regional models.!32%22-28 At ambient temperature (298 K), the dissociation constant (Kp)
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of DMA(aq) and TMA(aq) in water is 31 and 4 times of that of NH3(aq), respectively.!
(Here, DMA(aq), TMA(aq), and NH3(aq) refer to their dissolved undissociated states
in water, whereas DMA, TMA, and NHj3 refer to their gaseous forms. However, the
concentrations of DMA and TMA in ambient air were frequently 2 to 3 orders of
magnitude lower than that of NH3.22°3! Under such large differences in neutralization
abilities and ambient concentrations, the competitive uptake of DMA and TMA against

NH3 on acidic particles in ambient air remains poorly understood.

To study this issue, we designed a marine cruise study where both alkaline gases and
their particulate counterparts were detected simultaneously. The cruise traveled along a
coastline of approximately 4000 kilometers, with varying concentrations of DMA,
TMA, and NHj; because of different marine primary production caused by combinations
of factors such as ocean farming, runoff inputs, atmospheric deposition, etc.>? The
vessel was equipped with a URG-9000D Ambient lon Monitor-Ion chromatography
(AIM-IC) system (Thermo-Fisher), used to semi-continuously measure the
concentrations of alkaline gases and their particulate counterparts in marine
atmospheres. When the instrument was situated downwind of the combustion plumes
from the vessel and diluted combustion plumes from other vessels, the competitive
uptake of ambient DMA and TMA against NH3 on the abundant fresh acidic particles
in the emissions could thereby be monitored in semi-real time. In other situations, the

competitive uptake in clean marine or slightly polluted atmospheres was captured.



90 2. Experimental
91  The cruise was conducted aboard the commercial cargo ship, Anqgiang 87, along the
92  coastline of the East China Sea, South China Sea, and Yellow Sea, which was
93  approximately 4000 kilometers, from April 20 to May 16, 2018 (Fig lab). A suite of
94  instruments was used to measure the gas and particle concentrations in the atmosphere,
95 including an AIM-IC; CO (Thermo Fisher Scientific Model 48i), SO (Thermo Fisher
96  Scientific Model 431), and NOx (Thermo Fisher Scientific Model 421) gas analyzers; a
97  Fast Mobility Particle Sizer (FMPS, TSI Model 3091); a CCN counter (CCNC, DMT
98  Model 100); and a Condensation Particle Counter (CPC, TSI Model 3775). A number
99  of off-line samplers were also available to collect air pollutants for chemical analysis.
100  An on-board automatic weather station was used to measure ambient temperature and

101 relative humidity (RH).
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104  Fig 1. Spatiotemporal variations in mass concentrations of atmospheric NH3 along the
105  coastline of eastern China. Atmospheric NH3 along the path of the vessel during (a)
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April 23 to May 3 and (b) May 3 to May 16.

The AIM-IC was housed in an air-conditioned container with the inlet approximately 5
m above sea level, whereas all other instruments were housed in another air-conditioned
container on the open deck. The AIM-IC was installed with a PMz 5 cyclone, which
operated at a rate of 3 L min!, and reported semi-continuous concentrations for
chemically reactive gases (NH3, DMA, TMA, SO», HNO3, etc.) and water-soluble ions
in PM2 s at a one-hour time resolution. The ICS-1100 Ion Chromatography of the AIM-
IC was equipped with two analytical columns (Ion Pac CS17A (2x250 mm) for cations
and Ion Pac AS11-HC (2x250 mm) for anions) and two guard columns (CG17A (2x50
mm) for cations and AG11-HC (2x50 mm) for anions). The detection limits for NH4",
DMAH*, and TMAH" were 0.04, 0.08, and 0.04 pug L' in injection solution,
respectively, corresponding to 2, 4, and 2 ng m™ in the ambient air (more details can be
found in Supporting Information). Half of the detection limits were used to represent
the concentrations of ions below those limits, which is an approach conventionally
adopted in the literature. Helsel, however, reported that the Kaplan—-Meier procedure
should be used to compute the mean values of data that include nondetects®>. The
comparison between the conventional approach and the Kaplan—Meier procedure were
provided in Supporting Information. The uncertainties of ions were determined through
multiple injections of standard samples in different concentrations at the beginning,
intermediate maintenance and ending of the cruise period. The uncertainty for NH4"
was 5% when its measured concentration in the injection solution was above 4 ug L™

(corresponding to 0.2 pg m> NH4" in ambient air). The uncertainties of DMAH" and
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TMAH" were 41% and 13%, respectively, when their concentrations in the injection
solution were above 0.2 pg L ! (corresponding to 10 ng m> DMAH* and TMAH" in
ambient air). The uncertainty of DMAH" decreased to 14% when its concentration was
over 50 ng m> in ambient air. Larger uncertainties were expected for the measured
concentrations of DMAH" and TMAH" below 10 ng m™ in the ambient air, although
they were still detected. More detailed information on AIM-IC analysis can be found in

our previous studies.!®17-3

The Extended Aerosol Inorganics Model (E-AIM)

(http://www.aim.env.uea.ac.uk/aim/aim.php)*> was used to calculate the equilibrium

concentrations of compounds in gas and particle phases. The measured concentrations
in both the gas phase and PM; 5, which included NH3, TMA, DMA, and HNO3 and their
corresponding particulate counterparts, as well as ambient temperature and RH, were
used as inputs to calculate the equilibrium concentrations. Na® and Cl° were not
included since they were derived mainly from sea-salt aerosols and mostly found in the
coarse mode. The E-AIM requires the sum of the equivalent concentrations of the
anions in the initial input to equal that of the cations. Thus, either the H" or OH
concentration was used as an additional input to adjust the ionic balance. Nevertheless,
the calculated aerosol in-situ pH was less than 4.5 regardless of whether the additional
input was H" or OH". Therefore, the calculated pH value was not sensitive to the
additional input. Note that no aerosol organic phase was included in the E-AIM,

although it may have existed in the ambient particles. 623638
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3 Results and discussion

3.1 Spatiotemporal variations in the concentrations of NH3, DMA, and TMA

Fig 1ab and Fig 2a show the spatiotemporal variations in the mass concentration of NH3
([INH3]) over the coastline of eastern China. The [NH3] varied from 0.12 pg m™ to 6.1
ug m, with an average (+/- standard deviation) of 1.2+1.3 pg m™ throughout the study.
There were two distinct periods in the concentration trend. Period 1 was characterized
by higher concentrations of 2.8+1.2 ug m, during April 20-30 along the southbound
track (Fig la; shaded pink in Figure 2). Period 2 was characterized by substantially
lower concentrations of 0.43+0.26 pg m, during May 1-16; the vessel travelled along
the southbound track on May 1-3 and along the northbound track afterwards (Fig 1ab).
There were three major SO plumes (shaded grey in Fig 2a) without obvious increases
in [NHs], which were attributed to the emissions of the vessel. Note that vessels on
coastal waters in China were not required to use low-sulfur content diesel until 2020;

thus, high SOz emissions from vessels were common during our study.

Spatiotemporal variations in the mass concentration of DMA ([DMA]) are shown in
Fig 2b. The [DMA] was 1146.5 ng m>, which was approximately two orders of
magnitude smaller than the [NH3]. The spatiotemporal pattern in the [DMA] was
generally consistent with that in [NH3] during Period 1. However, higher [DMA] values
were recorded until May 5 and then decreased (Fig 2b). The [TMA] was lower at

approximately 5.4+2.4 ng m™ (Fig 2c). The spatiotemporal pattern in the [TMA] was
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distinctly different from those of the [NH3] and [DMA]. For example, lower [TMA]
values were generally observed during Period 1, except a few higher values on April
23-24, when the [TMA] was approximately 9.6+2.4 ng m™, which was approximately
three times larger than the simultaneously measured [DMA] of 2.4+1.3 ng m>. When
Period 1 and May 1-2 of Period 2 were combined for analysis, [TMA] showed the
opposite trend to [NHz], as shown in Fig 2a and 2c. The different concentrations
throughout the study may have been caused by differences in marine primary
production and complicated emission, transport, and conversion processes.'*2628
Additional data, such as ionic concentrations in the sea surface microlayer (from dozens

of micrometers to a few centimeters) and bulk surface sea water, are usually needed to

explore these causes, but these data were not available in this study.
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Fig 2. Time series of the gas and particulate ion concentrations, in which Period 1 is
highlighted in pink and the remainder is Period 2. (a) NH3 and SO»; (b) DMA; (c) TMA;
(d) particulate NH4"; (e) particulate DMAH™; (f) particulate TMAH""; (g) particulate
SO4%. The colored bars represent the molar ratios of DMAH""/(DMAH™"+DMA) in (d)
and TMAH™/(TMAH"+TMA) in (f). Three SO plumes due to emissions from the
vessel are highlighted in gray and three troughs of TMAH™" are highlighted in blue.

3.2 Spatiotemporal variations in the concentrations of NHy;*, DMAH ™", and TMAH*"

Fig 2d-f showed the spatiotemporal variations in the mass concentration of three cations
in PM, 5. The mass concentrations of NH4" ([NH4']) varied significantly throughout the
study (Fig 2d). For example, Period 1 had high concentrations of 5.4+3.1 pg m~, but
Period 2 had lower concentrations of 0.65+0.71 ug m™, except for a few spikes that
were concurrent with SO4* and/or NO3™ peaks (data in blue shades in Fig 2d, 2g and
S1a). During Period 2. these spikes were probably related to particles in the combustion
plumes of the vessel and/or other combustion plumes, as indicated by SO, HNO3 or
CO (Fig 2a and S1bc). Excluding these spikes, the data during Period 2 reflects either
clean or slightly polluted marine atmospheres. Moreover, [NH4] were significantly

correlated with [NOs7] and [SO4*], with an R?=0.48 and P<0.01.

The particulate DMAH" measured by AIM-IC may contain both DMAH in aerosol
aqueous phase and non-dissociated DMA in the aerosol organic phase,'®!*** however,
we could not separate them. Hence, DMAH"" was used instead of DMAH" in the
following analyses. The same is true for TMAH'". NH4" in the aerosol organic phase
may have been minor. *! The [DMAH"*] in PM, s ranged from <4 ng m™ to 100 ng m"
3 and generally showed an opposite trend to the corresponding [NH4"] in PMz s, except

for periods with intense [NH4"] spikes during Period 2 (shaded blue in Fig 2d and 2e).

10
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The [DMAH""] was low, at 7.4+6.8 ng m~, during Period 1. It increased slightly to
15+9.4 ng m™ during May 2-9, then increased dramatically to 68+15 ng m™ during
May 11-16. In the three blue highlighted periods in Figure 2 with [NH4"] spikes and
[TMAH™] troughs, the [DMAH"] sometimes followed the [NH4"] trend, but
sometimes it did not. In later analyses, we sub-classified Period 2 into Period 2-A (May

1-9) and Period 2-B (May 11-16).

The [TMAH""] in PM2s fluctuated from <2 ng m™ to 21 ng m™ and showed a trend
opposite that of the [NH4"] (Fig 2d and 2f). For example, the [TMAH "] was generally
undetectable during Period 1, but prominently and concurrently increased with the
dramatic decreases in the [NH4"] and [NH3] on April 30 and May 1. During Period 2,

the average [TMAH"*] was 3.8+2.0 ng m™.

Even in Period 2, with detectable TMAH"", the [TMAH""] in PMa,.s was less than the
[DMAH"] by several times to over one order of magnitude. Since the [TMA] of
5.0+ 1.5 ng m™ was comparable to the [DMA] of 6.6+3.8 ng m™ during Period 2B, the
lower [TMAH'™] during that period may have resulted from gas-aerosol
partitioning,?®?® which will be further examined in Section 3.3 and 3.4. Note that either
the [TMAH""] lower than the [DMAH""] or the reverse had been observed in marine
atmospheric particles collected over different oceanic zones or in different seasons
during our previous cruise studies.'®!'’#%4! For example, the [TMAH""] in PM,s or

PMio sometimes varied from hundreds of ng m™ to over 1 pg m> and thus was

11
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substantially larger than [DMAH*"].40:4!

3.3 Correlations between DMAH'" or TMAH"" and NH;

0.12 0.12
e Period 2-A and 2-B ()
= P o S &
o0 ho Oo E
= 008 04 10.08 o
— S
T Period 1 e L*_'
:'.0. o T
<§( 0.041 & 10.04
[a) Ratio 2 . =
- b B » =)
o - 5 (. D
0.00+— . i W0 | 08 R PR L0.00
0.2 0.4 1 2 3 45 6 1 0 5 10 15
-3 0.6 + -3
[NH,] (ng m™) [NH,] (ng m™)
0.03 —T. 0.4 0.10
— © «"E B'Bi[ (d) o Period1 .
‘E 0.02: el 0.010 - 0.2 o Period 2-A I<r
= o Period 2-B =2
Z 0010 £ 0005 0 g5
;)(I E 0.000 o )og(g:.nmnr--- pr . —d:p 0.05_§ <
< o005 = ""0.1 2 3 4 8 19 ,°y26x 2 E
. 1o + 3 o’ =c. [}
E ° [NH,] (ng m") o R?=0.99, P<0.01 8%
- 7 ‘o e = £
(000 @ o ool T QBN | N B I B ] E
0.000 T T T - 0.00
0 1 2 3 4 0.00 0.01 0.02 0.03
[NH.] (ng m’3) Modeled molar
’ ratio of TMA/NH,

Fig 3. (a) [DMAH""] versus [NH3]; (b) [DMAH""] versus [NH4']; (c) [TMAH "] versus
[NH;], and [TMAH™] versus [NH4'] in the superimposition; (d) modeled
TMAH""/NH4" molar ratio versus modeled TMA/NH3; molar ratio. The colored bar
represents the DMAH"/(DMAH"+DMA) molar ratio in (a) and the
TMAH"/(TMAH"+TMA) ratio in (c). Filled and empty markers represent the
measurement dates during Period 1 and Period 2, respectively. The definition of the
markers in (b) and (d) are identical. The data points circled in blue and in grey represent
high concentrations of DMAH™" that occurred with NH4" spikes during Period 1 and
Period 2, respectively.

In crystallized ammonium salts or deliquesced droplets, NH3 may react with aminium
salts or their solutions and subsequently release DMA and TMA to the gas phase
according to the involved thermodynamic equilibria.! 2°->! We analyzed the correlations

between the [DMAH™"] and [TMAH""] in PM,s and the [NH3]. Generally, lower

12
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[DMAH"] values and smaller DMAH"/(DMAH"+DMA) molar ratios were
concurrently observed with higher [NH3] values (Fig 3a). For example, the [DMAH "]
was generally less than 10 ng m™ when [NH3] was greater than 1.8 pg m>, with a
DMAH""/(DMAH"+DMA) molar ratio of approximately 0.31+0.16, which indicated
that DMA species in the atmosphere mainly existed as DMA at high NH3 levels. The
reverse was generally true when the [NH3] was <0.3 pg m™, in this case the [DMAH "]
ranged from 8 ng m> to 100 ng m>, with a DMAH"*/(DMAH"*+DMA) ratio of
0.80+0.15, indicating that DMA species in the atmosphere mainly existed as DMAH™
at low NHs levels. The DMAH™*/(DMAH"*+DMA) ratios were approximately
0.56+0.19 when the [NH3] ranged from 0.3 ug m™ to 1.8 ug m, indicating that the
[DMAH"] and [DMA] were comparable at these [NH3] values. Moreover, the
[DMAH""]/[NH4 "] ratio was approximately (5+6) x10™* and DMA/NH3 molar ratio was
approximately (1.8+1.0) 10 when the [NH3] was > 1.8 pg m™, the [DMAH"*]/[NH4"]
ratio was (1.9£2.2) x10 and DMA/NH3 molar ratio was approximately (7.6£3.6) x10°
3 when the [NH3] was between 0.3 ug m~ and 1.8 pg m>, the [DMAH™*]/[NH4"] ratio
was 0.1120.13 and DMA/NH3 molar ratio was approximately (1.3+0.6) x10 when the
[NH;] < 0.3 ug m>. Combining the results suggested that the competitive uptake
between DMA and NHj3 on acidic aerosols appeared to be sensitive to the DMA/NH3
molar ratio between 102 and 107, Relative to NHs, DMA may have appreciably
contributed to acid neutralization in PM,s when the [NH3] < 0.3 pg m™. However, it

was not case when the [NH3] > 0.3 pg m>.
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However, not all data throughout the study, such as the circled data points in Fig 3ab,
followed this general trend. Higher [DMAH "] valuesand DMAH"*/(DMAH *+DMA)
ratios can be observed in the five circled cases during Period 1 (Fig 3a), when the high
[NH;] values were measured. In those cases, both [DMAH""]and [NH4"] as well as SO
(9.4+4.4 pg m) were high. In plumes rich in SO» and other potential acidic gases such
as HNOs (Fig S1b), the NH3 in the marine atmosphere was likely insufficient to
neutralize the acids, leaving the excess acids to be neutralized by DMA. This may

explain the cases circled in Fig 3a during Period 2.

In addition, the calculated aerosol in-situ pH varied between 1.1 and 4.5 throughout the
study (Fig S1d). However, no increases in the [DMAH"] and
DMAH""/(DMAH"+DMA) were observed with decreasing pH values. For example,
most of higher [DMAH""] and DMAH""/(DMAH"+DMA) during Period 2-B were
unexpectedly associated with higher aerosol in-situ pH values (Fig 2e and S1d). The
same was generally true when the data between Period 2-B and Period 2-A were

compared.

Same with the correlations between DMAH™ and NH;, the [TMAH''] and
TMAH"/(TMAH"+TMA) ratio decreased with increasing [NH3] (Fig 3¢ and the
image superimposed there). The ratio of the effective Henry’s constants of TMA to NH3
was estimated to be 2.6 by the E-AIM (Fig 3d, the slope of regression equation =

(ITMAH')/[NH4'J/(TMA)/[NH3]) = ([TMAH'J/[TMA]) /([NHs")/[NH;s]). This ratio

14
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was too low to compensate for the disparities between the [TMA] and [NH3] during
Period 1, leading to lower or even undetectable [TMAH""] at high [NH3] values. In
addition, the molar ratio of TMAH ™ to NH4" in PM, s was only (8.6 % 18) x10~* during
Period 2-A and (5.5+7.5) x107 during Period 2-B (Fig 2f). Thus, relative to NH3, the
TMA likely yielded a negligible contribution to acid neutralization in PM2 s during

Period 2. The same was true during Period 1, as even smaller molar ratios were recorded.

3.4 Comparison between modeled and measured aminium concentrations
The E-AIM model was further used to examine the gas-aerosol partitioning of the
species. Using the data from the entire study period, the modeled equilibrated

[DMAH""] can be classified into three categories (Fig 4ab), as follows.

Category 1: The competitive uptake of DMA against NH3 on acidic aerosols generally
followed thermodynamic equilibria. The modeled [DMAH "] generally agreed with the
measured values along the 1:1 line in Fig 4a. Note that this only happened when the
measured [DMAH™] > 0.02 pug m>, which included most of data observed during
Period 2-B and the periods when DMAH"" co-existed with NH4" spikes during Period
1. In those cases, the measured [DMA] were only approximately 10% of the

corresponding [DMAH""] in PM, 5.
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Fig 4. Modeled concentrations vs observed concentrations during different periods
(Blue filled markers represent episodic DMAH" , as well as TMAH", co-existing with
NH4" spikes during Period 1, as shown in Fig 2d and circled in Fig 3a; red empty
markers represent observations during Period 2-B).

Category 2: The modeled [DMAH™"] was generally twice that of the measured values
(Fig 4ab). These cases include most of the data during Period 1 and approximately half
of the data during Period 2-A. Several factors may cause these differences. First, the
gas-aerosol equilibria may not have been achieved.** However, the estimated timescale
ranged from seconds to minutes for partitioning the high volatility organic compounds
into liquid particles.*’ This short equilibration timescale implies that the gas-aerosol
equilibria were achieved. Additionally, a potential positive sampling artifact of DMA
could have occurred on the denuder; our previous sampling analysis of NH3 didn’t
observe any positive sampling artifact.>* However, (DMAH);H(SO4), aerosol droplets

have been reported to exist in NH3—poor marine atmospheres instead of (DMAH)>SO4,

16



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

because the completely neutralized (DMAH)>SO4 solution in aerosols can convert to a
(DMAH);H(SO4), solution with a molar ratio of 3:2 at a low RH in NHs-free air’®%.
When NH3 and DMA gases were removed by the denuder in sampling, the conversion
could cause more DMA evaporation from PM3 5 consequently with a positive sampling
of DMA gas. This needs to be verified in the future. Finally, including the scheme in
laboratory observations, as reported by Chan and Chan?® and Chu and Chan?3, might
theoretically reduce the overprediction of the [DMAH "] to some extent. However, the
scheme was not included in the E-AIM. Overall, more experimental data are needed to

fully explain the large disagreement between the modeled and measured [DMAH'"].

Category 3: In approximately 10% of cases, the modeled [DMAH""] showed a large
and negative deviation from the 1:1 line, including several data points of almost zero
calculated [DMAH"™"]. This deviation also occurred for the modelled [TMAH""] in the
same cases. The parameter-based thermodynamics in the E-AIM does not favor
DMAH" and TMAH™ in PMas for such cases, where the calculated liquid water
content was very low due to low ambient RH and/or low concentrations of ammonium
salts (not shown). Considering that the [NH3] was approximately two orders of
magnitude higher than the [DMA] in the marine atmosphere, (DMAH);H(SO4); aerosol
particles, if they existed externally with other bisulfate aerosols, should have
completely converted to ammonium sulfate, according to the thermodynamic
parameters used in the E-AIM. The same can be said for TMAH-H-SO4 particles. Thus,

the modeled equilibrated [DMAH""] and [TMAH""] thereby approached zero and
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(DMAH""+DMA) and (TMAH*+TMA) were overwhelmingly predicted in the gas
phase (Fig S2ab). Again, the reported laboratory results didn’t support the complete

replacement of DMAH" by NH3.2

The modeled [TMAH*] was generally three times that of the measured values, except
in cases where the equilibrated [TMAH""] approached zero (Fig 4c). TMAH-H-SO4
aerosol droplets may exist in NH3—poor marine atmospheres instead of (TMAH)2SO4,
which can convert to TMAH-H-SO4 solution, with a molar ratio of 1:1, in NHs-free air
at low RH?%?%, For the equilibrated [TMAH"*], a large positive deviation might be
caused by the same mechanism that explains the modeled equilibrated [DMAH"*]
positively deviating from the observations. Moreover, in Table 2 of Chan and Chan %,
the displacement of TMA sulfate by gas phase NH3 at 50% RH is shown to be >95%.
Hence TMA sulfate droplets are not stable in the presence of ammonia with a significant
amount of TMA evaporation at 50% RH. These results suggest the possibility of
TMAH"™ was displaced by NHs, under environment of high NHs, which was also
confirmed by Figure 2d and 2f, in which [TMAH""] shows the opposite trend with
[NH4"]. Sauerwein and Chan '® studied the co-uptake of DMA and NH3 by sulfuric acid
droplets. They found that the final DMAH""/NH4" could be four times higher than the

corresponding gas phase ratio. Chan and Chan °

also studied the evaporation of
aminium sulfate droplets in air. Particulate TMA sulfate yields a final composition of

TMA:sulfate ratio of 1:1 while particulate DMA sulfate yields DMA:sulfate ratio of

1.5:1 at 3%RH. Together with the fact that TMA is more volatile than DMA, these
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results suggest that TMA can be easier to be displaced by NH3 than DMA, and may
contribute to the differences between the observed trends of DMAH™™ and TMAH™ in
this study. However, those laboratory experiments were conducted at virtually TMA
free atmosphere. More detailed experiments mimicking the ambient conditions will
need to be conducted for confirmation. The large negative deviation in approximately
10% of the cases was likely caused by the same mechanism that explains the modeled

equilibrated [DMAH*] in the same cases.

Overall, the predicted gas-aerosol equilibria were able to explain the observed high
[DMAH""] values during Period 2-B. However, the observation that the [TMAH "] was
an order of magnitude lower than the [DMAH™"], although their gaseous counterparts
had comparable concentrations, in this case, the predicted gas-aerosol equilibria cannot
be explained because the E-AIM model predicted approximately three times the

observed [TMAH™].

3.5 Period 2B: Decreased [TMAH'"] and increased [DMAH"*] in the presence of
[NH/"] spikes

During the [NH4"] spikes, the [DMAH"] and DMAH"/(DMAH"+DMA) ratio
increased, but the [TMAH""] and TMAH"/(TMAH"+TMA) ratio decreased. We
focused on Period 2-B (Fig 5a-d; zoom in on Period 2-B to allow the detailed
spatiotemporal variations of particulate ions and SO» to be clearly identified), when the

[DMAH"] and [NH4'] were positively correlated (P<0.01) and the [TMAH""] and
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[NH4"] (P<0.01) were negatively correlated (Fig 5¢). As mentioned above, the presence
of excess acids may increase both the [DMAH "] and [NH4"] at low [NH3] values. In
addition, the modeled aerosol pH was approximately 2.3+0.9, with a maximum value
of 4.5, during this period (Fig 5d), which is consistent with the values reported in NHs-

44-46

poor coastal and marine atmospheres and favors DMA partitioning in PM2 s at low

[NH3] values, as predicted by the E-AIM.

During the blue highlighted [TMAH"] trough in Period 2-B, the pH values were
3.140.8, which was approximately seven units smaller than the pK, of the TMAH" !
Under such acidic conditions, TMA should behave similarly to DMA and
predominantly exist in the particle phase; however, this study observed a decrease in

the [TMAH"*] with an increasing [NH4'] in the plume containing excess acids.

These results suggest the possibility of TMAH™ was displaced by NHs, under
environment of high NHs, which was also supported by Figure 2d and 2f, in which
[TMAH"™"] shows the opposite trend with [NH4"], which was discussed in the previous

section.

Supposed that the gas-aerosol equilibria had been achieved and no other chemical
reactions occurred besides neutralization, the [TMAH"+TMA] should be invariant
with decreasing [TMAH""] in PM,s. However, the  TMAH"+TMA] decreased with a

decreasing [TMAH""] during Period 2-B (Fig 5f). In addition, no increase in the [TMA]
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occurred with a decreasing [TMAH™"] (image superimposed in Fig 5f). Any additional
TMA in the system should have partitioned to the particle phase. Recently, Berndt et al.
reported that TMA can form highly oxidized products via the most efficient atmospheric
autoxidation currently known.*” OH radicals are formed from photochemical processes
in both gas phase transfer and in-situ aqueous phase,*® some photochemical processes

such as nitrate or nitrite photolysis*->

, hydrogen peroxide (H20>) photolysis, and
photo-Fenton processes*® are important sources of OH radicals. Highly formed OH
radicals in the atmosphere may trigger the efficient oxidation of the three methyl groups
of TMA.*’ Unfortunately, highly oxidized organic nitrogen products cannot be detected
by the AIM-IC. Overall, the decrease in the [TMAH™"] during [NH4'] spikes suggests
that the chemical conversion of TMAH™ to other nitrogen compounds must be

considered to fully understand the behaviors of TMA species in marine atmospheres, in

addition to acid-base neutralization reactions.

In summary, the [NH3] varied by over one order of magnitude during the cruise and led
to the DMA/NH3 and TMA/NH3 molar ratios varying from 107 to 102, The competitive
uptake of DMA and TMA against NH3 on acidic aerosols largely reduced when the
amine to ammonia ratio decreased from 107 to 10~} mainly because of increased [NH3].
However, in the presence of excess acids, the [DMAH] increased with the [NH4'], even
at high [NH3] values. The uptake of TMA is still not fully understood; for example, the
E-AIM predicted that the [TMAH'] should be approximately three times that of the

observations in the presence of abundant NH4™.
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443 Fig 5. Time series of the concentrations of particulate ions, SO2, CO, ambient conditions,
444  and modeled pH, as well as correlation analysis of the variables during Period 2-B. (a)
445  particulate NH4" and SO»; (b) particulate DMAH™ and CO; (c) particulate TMAH™;
446  (d) ambient temperature, RH, and modelled pH; (¢) DMAH™* and TMAH™* vs. NH4"
447  in PMys; (f) (TMAH™+TMA) vs TMAH™* in PM,s. The colored bars represent the
448  ratios of DMAH™"/(DMAH"+DMA) in (b) and TMAH""/(TMAH"+TMA) in (c); the
449  trough in TMAH" is highlighted in light blue.

450
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