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ABSTRACT: Unexpectedly high amounts of aminium salts have been
detected in ambient aerosol particles, prompting investigations into their
role in new particle formation and nanoparticle growth. Amine uptake and
particle-phase processes, including the effects of phase state and non-ideal
mixing, are poorly understood. In this study, we conducted kinetic multi-
layer modeling of dimethylamine (DMA) uptake by crystalline and
aqueous ammonium sulfate (AS) and mixed ammonium sulfate—sucrose
particles based on measurements at different relative humidity (RH)
values. The temporal evolution of particle mass increases and the
humidity dependence were successfully reproduced by considering the
amine/ammonium exchange reaction and formation of hygroscopic
dimethylaminium sulfate. Thermodynamic equilibrium predictions
suggest that aqueous sucrose and AS mixtures undergo phase separation
at RH < 94%. The kinetic model simulations reveal that DMA uptake is
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limited by diffusion of DMA and AS through a viscous sucrose-rich shell at lower RH, resulting in strong concentration
gradients in the particle bulk. The model predicts that the true uptake coefficients would range from 2.0 X 10~ to 2.6 X 107
for initially solid particles at low RH, while they can be as high as 0.70—0.82 in aqueous particles at high RH. Uptake coefficients
increase when RH and associated particle water content increase, while they generally decrease when the molar fraction of
sucrose increases at a specific value of RH. Using new measurements of ambient amines from the Holistic Interactions of
Shallow Clouds, Aerosols and Land Ecosystems (HI-SCALE) field campaign as a reference, the model is extrapolated to
particles with a diameter of 30 nm and amine mixing ratios in the ppt range to emulate atmospheric conditions. At 70% RH or
higher with particles in the liquid phase, amine uptake can lead to a mass increase of approximately 20—60%.

KEYWORDS: kinetic modeling, nanoparticle growth, non-ideal thermodynamic mixing, aminium salts, amorphous semi-solid state

B INTRODUCTION

Atmospheric sub-micrometer aerosol particles play an
important role in air quality, climate, and public health.'~
The role of alkyl amines in atmospheric aerosol chemistry is of
interest due to the unexpectedly high amounts of aminium
salts detected in ambient aerosol particles."”"" These amounts
are out of proportion to the relative amounts of amine and
ammonia detected in the atmosphere, since small-chain alkyl
amines are typically present at concentrations several orders of
magnitude lower than that of ammonia in the gas phase.'”
Ammonia is known to form or contribute substantially to
inorganic aerosols by neutralizing atmospheric acids, while
amines are receiving growing attention for their potential role
in new particle formation.
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One pathway through which amines partition from the gas
phase into particles is reactive uptake by ammonium sulfate
(AS) aerosols. Various studies have reported the displacement
of ammonium by an alkylaminium ion. Earlier reports
investigated the reaction at low pressure under conditions
with limited water."”'* Qiu et al. (2011)" studied the
heterogeneous uptake of methylamine, dimethylamine
(DMA), and trimethylamine vapor by AS and ammonium
bisulfate coatings on glass tubes at low pressure and low RH,
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reporting initial uptake coefficients of (2.6—3.4) X 107> and
steady-state uptake coefficients of (2.3—60) X 107, Liu et al.
(2012)"* studied the displacement of ammonium from various
powdered ammonium salts by aqueous methylamine vapor at
very low pressure to report uptake coefficients ranging from 2.3
X 107 to 1.8 X 1072

Several studies have reported investigations of amine uptake
reactions by AS and other particles.””™"” Chu and Chan
(2017)"® reported measurements of the reactive uptake of
DMA by crystalline or aqueous AS and AS-sucrose mixed
particles. The net reaction is

(CH,),NH(g) + NH,"(aq) -

(CH3)2NH2+(aq) + NH3(g) (1)

They performed their experiments under conditions of
controlled relative humidity (RH) and observed that the
amine/ammonium exchange reaction apIpeared to be water and
bulk diffusion limited. Chu and Chan'® also reported visual
observations and Raman spectroscopic data consistent with the
presence of liquid—liquid phase separation in their mixed
ammonium sulfate—sucrose micrometer-sized particles. Su-
crose is a widely used surrogate for the hydrophilic organic
component of secondary organic aerosol (SOA) particles.

SOA can adopt liquid, semi-solid, or glassy phase states
depending on chemical composition, temperature, and
RH."”™* Phase state and associated particle viscosity may
affect crucial atmospheric aerosol processes such as ice
nucleation,™* gas uptake, and particle growth in terms of
both magnitude and characteristic time scales.”> The presence
of a viscous semi-solid or glassy phase state can limit reactive
uptake bg reducing mass transfer and bulk diffusion in aerosol
particles.”*~** Particle morphology is another important factor
affecting uptake processes. It has traditionally been assumed
that aerosol particles are homogeneously well-mixed. However,
phase separation into two or more liquid or viscous amorphous
phases has been observed both in aerosol particles containing
organic and inorganic components mixed with water, as well as
in electrolyte-free aqueous organic particles.””™*® Phase-
separated particles can adopt either a core—shell morphology,
in which one phase completely engulfs a second phase, or a
partial-engulfing structure, in which both phases maintain
direct contact with the gas phase over some surface area.””
Several studies have demonstrated that the presence of an SOA
coating on particles in a core—shell morphology will lead to a
substantial decrease in the uptake of gaseous species.*’™**

In this study we investigate the amine/ammonium displace-
ment reaction in particles containing different morphologies
and phases using kinetic and thermodynamic modeling to
further constrain the reaction mechanism and develop an
understanding of limiting processes. A kinetic multi-layer
model facilitates the systematic investigation of the reaction
over a range of particle sizes, compositions, and environmental
conditions. Such information can be useful in setting up future
experiments and helps in determining priorities for field
measurements.

B METHODS

Summary of Previous Experimental Work. Our model
was applied to previously reported experimental data from Chu
and Chan (2017),"® briefly described in the following. A single
particle was generated from aqueous solutions of AS and
sucrose before each individual experiment with the following
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sucrose molar fractions on a dry basis: Fg, = 0.00, 0.15, 0.28,
and 0.50. Particles were levitated in an electrodynamic balance
(EDB), and their dry diameters were recorded after drying at
low RH (<5%). Each particle was then equilibrated at a
specified RH value (RH < 5% and RH = 10, 20, 30, and 70%)
in the EDB at a temperature of 297 + 1 K. Initial particle
diameters were in the range of 37—71 mm. Output from the
EDB was recorded during exposure to a constant flow of DMA
(1 ppm) gas to determine changes in particle mass, size, phase
state, and chemical composition due to DMA uptake. Particles
were characterized with a Raman spectroscopic system coupled
to the EDB. After each experimental run, particles were dried
and visually inspected under a microscope.

Model Description. Kinetic modeling was utilized to
investigate the reactive uptake of DMA by AS and mixed AS-
sucrose particles. The change in mass of each particle,
expressed as the ratio of the particle mass at each time point
relative to its initial mass, was simulated using the kinetic
multi-layer model of gas—particle interactions in aerosols and
clouds (KM-GAP).” Schematics of the kinetic model are
provided in Figure 1. For the simulation of single-particle
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Figure 1. Schematics of the kinetic multi-layer model of gas—particle
interactions (KM-GAP) for (a) ammonium sulfate (AS) particles and
(b) mixed AS-sucrose particles. The sorption layer is represented by
the blue dashed line. In the mixed particles, the core is treated with an
AS-rich phase that is either crystalline or aqueous depending on RH,
and the shell is initialized as a sucrose-rich phase based on phases and
composition data from experiments as well as predictions from
AIOMFAC-based equilibrium thermodynamics.

experiments from Chu and Chan (2017),'® a spherical
geometry was applied. The model treats the gas phase with
two layers: a quasi-continuous gas-phase layer and a near-
surface gas-phase layer. Multiple layers represent the
condensed phase: sorption layer, surface layer, and a variable
number of bulk layers. KM-GAP treats the following mass
transport processes explicitly: gas-phase diffusion, adsorption
and desorption, surface—bulk exchange, and bulk diffusion.
The chemical reaction (1) was treated in the surface and bulk
layers. The model layer thicknesses changed as the simulation
experiment proceeded due to solvation of DMA, mass
transport between layers, and the conversion of reactants
into products, leading to particle growth.

Model Components and Treatment of Particulate Water.
For the pure AS particles (Figure 1a), the model treats the
reactants and products (ammonia and dimethylaminium
sulfate (DMAS)) of the DMA/AS exchange reaction. For the
mixed particles, sucrose is also included. AS, DMAS, and
sucrose are hygroscopic."* The number of associated water
molecules is related to the amount of each component present
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and remains constant at each RH. Since water molecules are
expected to remain closely associated with specific components
in the model, we chose to associate the mass and volume of
water in non-crystalline layers with these components for
simplicity rather than treating water explicitly. The amounts of
associated water for AS, DMAS, and sucrose are summarized in
Table 1. AS and DMAS associated water values were optimized

Table 1. Associated Water Expressed as the Ratio of Water
Molecules to Each Molecule of Indicated Component Used
in KM-GAP Modeling for Species in Non-crystalline
Layers”

relative humidity

1% 10% 20% 30% 70%
AS 1.0 X 1072 0.1 0.2 0.8 6.4
DMAS 0.1 1.0 2.1 3.7 11.8
sucrose 5.5 x 1072 0.6 1.1 1.8 6.1

“The same AS and DMAS associated water values were used for both
AS-only and AS-sucrose mixed particles. For the AS-sucrose mixed
particles, water associated with sucrose was calculated to be consistent
with mole fractions predicted by AIOMFAC.*

for the pure AS particles using the approach from Chu and
Chan (2017)"® as a starting point. The same values were also
used for the mixed particles. For the mixed AS-sucrose
particles, water associated with sucrose was constrained to be
consistent with mole fractions determined by the Aerosol
Inorganic—Organic Mixtures Functional groups Activity
Coefficients (AIOMFAC)-based equilibrium model."”> We
assumed that the associated water on a per-species basis
remains approximately unchanged as the reaction proceeds.
However, it should be noted that, in principle, the change in
molecular compositions of phases and the interactions among
all species would affect the equilibrium water content as the
reaction proceeds. To treat this, we would require direct
coupling of thermodynamic and kinetic models and the
inclusion of detailed interactions of all reaction educts and
products of amines and other particle constituents, which is
beyond the scope of this study and will be the subject of future
studies.

Ammonium Sulfate-Only Particles. At RH < 70%, the
initial AS particles were observed to exist in crystalline form."®
Previous studies have shown that there are surface-adsorbed
water molecules on AS particles below the deliquescence
RH.*****" The initial thickness of this layer can range from
less than one monolayer (on average) to multiple monolayers
depending on RH, as summarized in Table 2 and implemented
in KM-GAP.

After particle equilibration, the adsorbed water layer would
be saturated with AS. Using the associated water ratios in
Table 1 with the volume of the surface layer, the initial amount
of dissolved AS was calculated. For simplicity, mass transport
to and from the bulk was allowed only for AS, so the particle
bulk decreased in size as AS reacted and DMAS formed in the

Table 2. Monolayers of Water Present on Ammonium
Sulfate at Different RH Values"*

RH (%)
1 10 20 30 70
monolayers of H,0 0.010 0.646 2.575 4.549 3.379
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surface layer. At 70% RH the initial phase of the particle was
observed to be liquid in experiments. The volumes of the
associated water and the measured dry particle radius were
combined to determine the initial aqueous particle volume and
diameter.

Kinetic parameters are summarized in Tables S1—S3 that
include the gas-phase diffusion coefficient (D), surface
accommodation coefficient on a free substrate (a,), desorption
lifetime (7;), second-order surface (k,), and bulk reaction rate
coefficient (ky,) for reaction (1), Henry's law coefficient of
DMA in water (5.0 X 1072 mol cm® atm™),*® and bulk
diffusion coefficients (D,) for DMA, AS, NH;, and DMAS. We
assumed a, of unity and 74 of nanoseconds for DMA. A first-
order approximation of Fick’s diffusion equation using bulk
diffusion coefficients was utilized to describe mass transport
fluxes between the layers. Dy, values were varied to optimize the
model predictions in comparison to the experimental data. For
an initially aqueous particle at 70% RH, the chemical reaction
would take place in both surface and bulk layers. A second-
order reaction rate coefficient between DMA and NH," of 1.0
X 1071 cm® s7! was used, but predicted mass ratios were
found to be insensitive in the range from 1.0 X 107"° to 9.0 x
1077 cm® 57!, A single bulk layer was sufficient to describe the
solid AS particles (RH < 70%), while multiple layers were used
for the aqueous bulk at 70% RH. The number of layers was
increased until model predictions converged. At 70% RH,
experimental data were fitted with a bulk diffusion coefficient
of 5.0 X 107% cm? s7! for DMA and AS. For RH < 70%,
experimental data were fitted with DMA and AS bulk diffusion
coefficients ranging from 1.5 X 107" to 1.25 x 107! ecm? s7".

Ammonium Sulfate—Sucrose Mixed Particles. Figure 1b
shows a schematic of the modeling approach used for the
mixed AS-sucrose particles. The modeling approach is
consistent with visual observations and Raman spectroscopic
data reported by Chu and Chan (2017)."® They reported
stronger C—H stretching signals near the top and bottom of a
particle for Fg, = 0.50, RH < 5%, which indicate higher organic
content on the outside of the particle, supporting the presence
of a sucrose coating. Additionally, they reported microscopic
observations of a shiny white layer on the outside of the dried
AS-sucrose particles that was not visible on dried AS only
particles. Thermodynamic model predictions also suggest that
AS-sucrose particles would be phase-separated (see Results
section), as also discussed in a previous study.” Thus, AS-
sucrose particles were modeled assuming a viscous, multi-
layered, sucrose-rich, outer shell and a monolayered AS core at
RH < 70% (Figure 1b). Activity coefficients from a
thermodynamic model prediction of particle hydration were
used to set initial conditions for a solid AS core and semi-solid
sucrose shell containing a small amount of dissolved AS. At
70% RH, activity coeflicients from the dehydration case
(AIOMFAC-based prediction) were used to set initial
conditions for a homogeneously mixed aqueous AS core and
the viscous, aqueous sucrose shell in KM-GAP. At all RH
values below 70%, the DMA/ammonium exchange reaction
(1) was considered in the sucrose-rich shell phase and mass
transport from/to the core was only considered for AS. For
70% RH, the chemical reaction and diffusion of all components
were considered throughout the particle.

Kinetic parameters are listed in Tables S1—S3. The number
of layers in the shell was increased until model predictions
converged (number of layers >90). For the mixed AS-sucrose
particles, initial particle diameters ranged from 37 to 71 mm.
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Figure 2. Temporal evolution of particle mass ratio upon DMA exposure as measured by Chu and Chan (2017)"® (markers) and simulated by KM-
GAP (lines). The sucrose fraction in an AS-sucrose particle is (a) Fg, = 0.00 (AS only), (b) Fg, = 0.15, (c) Fg, = 0.28, and (d) Fg, = 0.50 at
different RH levels of 1% (cyan), 10% (red), 20% (green), 30% (blue), and 70% (black) and a temperature of 297.15 K.

The bulk diffusion coefficients at 70% RH for Fg, = 0.15, 0.28,
and 0.50 were set to 1.0 X 107 cm? s™!, consistent with an
aqueous particle.”® For RH < 70%, experimental data were fit
well with bulk diffusion coefficients ranging from 2.0 x 107"
to 1.0 X 107% cm® s7.

Thermodynamic Modeling. The AIOMFAC thermody-
namic group-contribution model, described elsewhere in
detail,**° was used to estimate the degree of non-ideal mixing
among condensed-phase species in liquid/amorphous phases
and to consider the potential for liquid—liquid phase
separation within the AS-sucrose system as a function of
equilibrium RH. The AIOMFAC-based model employed in
this study included a version of the liquid—liquid equilibrium
(LLE) algorithm by Zuend and Seinfeld (2013),”" which
predicts the phase compositions of up to two liquid phases for
a given overall composition of a mixture based on the activity
coefficients computed by AIOMFAC for the variable
composition of each individual phase. Furthermore, the
solid—liquid equilibrium of crystalline AS with AS dissolved
in an aqueous (sucrose-rich) phase was also solved numerically
based on the method described in Hodas et al. (2016).”* The
molar input concentrations were determined using the mole
fractions of sucrose and AS in the dry particles, and the RH
values at which each particle was equilibrated before exposure
to DMA were used to specify the initial mixture composition.
The equilibrium computations were carried out for a constant
temperature of 297.15 K, representative of the experimental
conditions. The AIOMFAC-based LLE model predictions for
the equilibrium-phase compositions of liquid particle phases a
and f, and solid AS phase § (where applicable), as well as
associated component activity coefficients were then used as
input parameters to constrain the kinetic model simulations
with KM-GAP.
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Field Measurements. We analyzed particle- and gas-phase
concentrations of ammonia and amines measured during the
Holistic Interactions of Shallow Clouds, Aerosols and Land
Ecosystems (HI-SCALE) field campaign in north-central
Oklahoma in the summer of 2016.”> Gas-phase amines were
measured by ambient-pressure proton transfer mass spectrom-
etry.54 Concomitant measurements of size-resolved nano-
particle composition were performed during HI-SCALE by
Thermal Desorption Chemical Ionization Mass Spectrometry
(TDCIMS).> Calibrations were performed during the
campaign using either atomized AS or DMAS particles to
associate signal intensity to collected sample mass. The average
RH measured during this campaign was 72 + 18% (10), with
peaks in RH at night.

B RESULTS AND DISCUSSION

Pure Ammonium Sulfate Particles. Fi?ure 2a shows
experimental data from Chu and Chan (2017)"® and modeled
particle mass ratio for the pure AS particles as a function of
exposure time to DMA. The particle mass ratio is defined as
the mass of the particle at time ¢ relative to that at time 0 ().
The particle mass ratio increases both due to conversion of AS
to DMAS and the increase in associated water content of the
particle. Particle mass ratios increase at different rates
depending on RH until they reach a plateau at the completion
of the DMA/ammonium displacement reaction. The rate of
particle growth was fastest for the aqueous particle at 70% RH,
and sensitivity studies revealed that, for this condition, growth
is limited only by gas-phase diffusion of DMA.*® The bulk
diffusion coefficients of DMA increase as RH increases, leading
to higher rates of reaction and particle growth rates. The model
simulations reveal that predicted mass ratios are sensitive to
the Henry’s law coefficient, the bulk diffusion coefficient of
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DMA, and the initial concentration of AS in the surface layer.
Therefore, the availability of DMA and AS in the surface layer
during the initial stages of DMA uptake controls the rate of
particle growth. At 30% RH the particle mass ratio reaches a
plateau at a high value, as the particle undergoes a phase
transition from solid to liquid due to DMAS formation and
associated water uptake. This phase transition leads to an
enhancement in the liquid particle mass relative to the dry
mass at time zero, which is different from the case at 70% RH,
in which no phase transition occurs. Chu and Chan (2017)"*
observed that the particle phase gradually transformed from
crystalline solid into liquid during DMA uptake judging from
the 90° Mie scattering pattern and Raman spectrum of the
particle.

The temporal evolution of concentration of each component
over time in the surface layer is shown in Figure 3. While a
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Figure 3. Predicted concentrations (molecules per cm®) using KM-
GAP for DMA (red), AS (black), NH;(dashed blue) and DMAS
(purple) in the surface layer during DMA uptake by an AS particle at
RH of (a) 1%, (b) 10%, (c) 20%, and (d) 30%.

minimal decrease in AS concentration is observed for RH < 5%
(Figure 3a), the reaction proceeds to completion at all other
RH values and the AS concentration drops to zero as the
DMAS concentration plateaus. A drop in DMA concentration
(red line) may be observed while the exchange reaction
proceeds due to the volume of the surface layer growing, while
the rate of DMA accommodation to this layer remains
relatively constant. Once the reaction reaches completion in
Figures 3b—d, the DMA concentration begins to increase until
it reaches the saturation concentration. The concentration of
NH; in the surface layer (dotted blue line) remains constant
while the reaction is occurring as determined by the balance
between formation and evaporation but drops to zero due to
particle-to-gas partitioning once the reaction has reached
completion.

The temporal evolution of bulk concentration profiles of
components for the aqueous particle at 70% RH is provided in
Figure 4 as a function of reaction time (x-axis) and distance
from the particle center (y-axis). The concentration of AS
(Figure 4a) decreases commensurate with an increase in the
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concentration of DMAS (Figure 4b). Since the particle is
initially aqueous, all AS is dissolved, and no diffusion limitation
is observed. A low concentration of DMA is present until the
reaction reaches completion, as DMA diffusing into the particle
bulk is rapidly consumed by the exchange (Figure 4c). The
concentration of NH; (Figure 4d) in the particle is constant
until the reaction completes. It then drops due to particle-to-
gas partitioning, as observed in the surface layer.

Mixed Ammonium Sulfate—Sucrose Particles. Figure 5
shows the mass fractions of the components in the AS/
sucrose/water system at time zero as predicted by the
AIOMFAC-LLE model for the case with a dry molar sucrose
fraction of Fg, = 0.15. Thermodynamic equilibrium computa-
tions were conducted for both dehydration and hydration
cases. In the dehydration case starting from high RH
conditions with all components in a liquid/amorphous phase,
a metastable, supersaturated salt solution is considered and
crystallization suppressed in the calculations (Figure Sb), while
in the hydration case, starting at low RH, AS is allowed to
adopt a crystalline physical state below its predicted complete
deliquescence at ~79% RH (Figure Sa). In the hydration case,
AS is predominantly partitioned to the solid phase (), while
sucrose is found in a separate amorphous/liquid phase that
further contains water and small amounts of dissolved AS (in
solid—liquid equilibrium) up to the complete AS deliquescence
at ~79% RH. Two liquid phases, one AS-rich (a) and one
sucrose-rich (), are predicted to coexist between 79% < RH <
94% in the hydration case. For the dehydration case, liquid—
liquid phase separation leads to the formation of AS-rich (a)
and sucrose-rich (f) phases at RH < 94% (before AS is
expected to crystallize spontaneously at RH < 36%, not shown
in Figure Sb). In the phase-separated regime, a non-negligible
fraction of AS is predicted to partition into the sucrose-rich
(aqueous) phase, while the aqueous AS-rich phase « is virtually
sucrose-free, except for the RH range from ~84% to 93%, close
to the upper limit of phase separation, in which at least 1% of
the total sucrose amount partitions into phase a.

These predicted compositions were used to constrain the
initial partitioning of components in KM-GAP. Based on
experimental data on aerosol morphologies,18 KM-GAP treats
the AS-rich phase as the core and the sucrose-rich phase as the
shell (Figure 1b), and the predicted activity coefficients of the
different species in each phase were used to constrain bulk
diffusion. For RH < 70%, values from the hydration branch
(Figure Sa) were used, while activity coefficients from the
dehydration branch (Figure Sb) were used for 70% RH. We
assume that liquid—liquid phase separation persisted at 70%
RH while the reaction occurred and ammonium ions were
replaced by aminium ions, since the AIOMFAC model
predicted that phase separation is more strongly driven by
the sulfate ions interacting with the organics. It should be
noted, however, that some of the particles at RH < 70% were
observed to remain amorphous and water-bound in the
experiment. The predicted equilibrium thicknesses of the
sucrose-rich phase at different RH values will depend on the
dry particle diameter considered. Thermodynamic modeling of
layer thickness was conducted with AIOMFAC using the
dehydration case where there is no solid AS phase (Figure Sb).
The change in radius as a function of RH for a 40 ym diameter
particle with Fg, = 0.15 is provided in Figure Sla. At 40% RH,
the sucrose-rich shell thickness is ~13% of the total radius. At
80% RH, the shell thickness is ~10% of the total radius. The
thickness of the shell increases with increasing Fg,. Our kinetic
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model utilizes the initial number of molecules in a layer to
determine its thickness. The thickness of the sucrose shell used
in the KM-GAP model for each experiment is listed in Table
S3. As can be seen in Figure 6, the initial thickness of the
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sucrose-rich shell is approximately 2.5 ym, with a core radius of
~20 pm.

Figure 2b—d shows the experimental measurements and
KM-GAP modeling results for the mixed AS-sucrose particles.
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Table 3. Modeled True and Effective (in Parentheses) Uptake Coefficients (y) for Dimethylamine

relative humidity (%)

Fq, 1 10

0.00 7.75 X 1073 3.87 x 107*
(7.59 x 107°) (3.54 x 107%)

0.15 341 x 1078 3.87 x 107*
(3.38 x 107°) (3.57 x 107)

0.28 2.74 X 1075 2.05 x 1074
(271 x 107%) (1.97 x 107

0.50 1.42 x 1077 1.00 x 107°
(142 x 1077) (1.00 x 107%)

(

(

(

(

20 30 70
927 x 107* 9.28 x 107* 0.82
7.68 X 107 (7.86 x 107%) (4.18 x 1073)
1.23 X 1073 2.54 x 1073 0.80
0.95 X 107%) (127 x 1073) (3.47 x 1073)
7.08 x 107* (a) 2.60 x 1073 0.75
7.08 X 107%) (1.64 x 1073) (413 x 1073)
(b) 2.19 x 1073
(1.37 x 1073)
2.78 x 107* 9.84 x 107* 0.70
2.64 X 107%) (8.18 x 107 (3.61 x 107®)

The particle growth of aqueous mixed particles at 70% RH at
all mole fractions of sucrose was limited by gas-phase diffusion.
For RH < 70%, the mixed AS-sucrose particles differed from
the pure AS particles in that the mixed particles exhibited no
sensitivity to the value of the Henry’s law coeflicient. Instead,
the growth of the mixed particles is limited only by the bulk
diffusion coefficients of DMA and AS through the sucrose-rich
shell.

Figure 6 shows bulk concentration profiles of the model
components for the particle with Fg, = 0.15 at 10% RH. The
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concentration of AS in the sucrose-rich particle shell (Figure
6a) remains low due to slow transport of AS from the AS-rich
core to the sucrose-rich shell and loss by the displacement
reaction. As the reaction progresses and the particle grows, the
AS core decreases in size and the shell volume increases, as
exhibited by the plots of DMAS, sucrose, and ammonia
concentration (Figure 6b, c, e, respectively). The reaction
products (e.g, DMAS, NH;) are mostly concentrated in the
outer portion of the particle shell throughout the reaction.
Sucrose does not react with DMA, so the number of sucrose
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used for the simulations.

357! was

molecules does not change as the reaction proceeds, and the
molecular concentration of sucrose decreases due to dilution as
the shell volume grows. The concentration of DMA is highest
near the surface of the particle, before it encounters AS as it
diffuses into the shell. Similar trends in bulk concentration
were observed for other mixed AS-sucrose particles for which
the exchange reaction reached completion.

The reaction reaches completion over the experimental time
period for all conditions apart from RH < 5% and 10% RH
when Fg, = 0.50. With Fg, = 0.50 at 10% RH, the increase in
particle mass ratio is severely diminished and becomes almost
indistinguishable from the RH < 5% case due to strong kinetic
limitations of bulk diffusion (with bulk diffusivity <5.0 X 107"
cm® s7') in a glassy sucrose-rich shell.

Further indications of kinetic limitations can be found by
comparing values of the uptake coeflicient for each particle.
DMA uptake coefficients (the ratio between net uptake rates to
molecular collision rates) calculated from the model are
summarized in Table 3, which also includes effective uptake
coefficients which are calculated without considering gas-phase
diffusion (i.e., collision rates were calculated using average gas-
phase concentrations). A large difference between the true and
effective uptake coefficients at 70% RH demonstrates the
importance of gas-phase diffusion at high RH, where near-
surface gas-phase concentrations are reduced due to large
uptake. The order of magnitude values for the effective uptake
coefficients (Table 3) are consistent with those derived from
laboratory experiments, with the largest discrepancy within 1
order of magnitude.'® DMA uptake coefficients range from 7.8
X 107° to 2.6 X 107 for initially solid particles at RH < 70%,
while they are 0.70—0.82 for initially aqueous particles at 70%
RH.

The modeled uptake coefficients follow similar trends as the
reported, experimentally derived values: DMA uptake increases
as RH increases for all molar fractions of sucrose. An
examination of AS concentrations in the modeled particles
reveals that the concentration of AS in the shell increases with
increasing RH. The higher AS concentration is consistent with
increased solvation of AS with higher water content (as shown
in Figure S), resulting in higher DMA uptake. In general
uptake coefficients decrease as the molar fraction of sucrose

1275

increases. The plausible explanation for the effect of sucrose is
a change in viscosity of the shell layer. The higher viscosity of
sucrose-containing aqueous solutions at intermediate and low
RH is well-documented.”” As the relative amount of sucrose in
the particle increases, the higher viscosity of the sucrose-rich
layers would affect bulk diffusion of DMA.

Atmospheric Implications and Conclusion. Using the
kinetic model, we sought to extrapolate to particle sizes and
DMA mixing ratios representative of ambient conditions to
assess atmospheric implications. The experiments conducted
by Chu and Chan (2017)'® were performed on particles with
diameters in the micrometer range (37—71 mm) at a DMA
mixing ratio of 1 ppm. Analysis of particle and gas-phase
concentrations of ammonia and amines measured during the
HI-SCALE field campaign in north-central Oklahoma in the
summer of 2016 provided values for use as reference.’” The
average mixing ratios of ammonia, DMA, and methylamine
were 245 + 47 ppt, 0.813 = 0.670 ppt, and 0.601 + 0.480 ppt,
respectively. TDCIMS measurements detected particulate
ammonium and aminjum salts in 20—40 nm particles.

Given this information, we simulated the growth of a 30 nm
AS particle over 1 day upon exposure to DMA at mixing ratios
varying from typical levels of 1 ppm in laboratory experiments
to the 1 ppt range observed in the HI-SCALE field
measurements. The predicted mass ratios as a function of
DMA mixing ratio are shown in Figure 7a. Also included is the
predicted ratio of remaining AS to initial AS for the same
conditions (Figure 7b). Unlike the simulations corresponding
to the experimental data, for the significantly smaller
atmospherically relevant particle sizes, DMA uptake is sensitive
to the reaction rate coeflicient as shown by sensitivity tests in
Figures S2—S5. Growth is likely to be limited for atmospheri-
cally relevant DMA mixing ratios at lower RH values (Figures
7, S2, and S4). However, in the presence of hydrophilic
organics and with a high reaction rate coefficient (~107"* cm?
s™"), substantial growth would occur (Figure S4). Significant
growth is predicted at 70% RH under atmospheric conditions
(Figures 7, S3, and SS) unless the rate coefficient is low
(~107" cm® s7'). For the 30 nm particles used for these
simulations, the increase in mass ratio is no longer limited by
gas-phase diffusion at 70% RH; therefore, if we assume a fast
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reaction rate, the reaction proceeds quickly and reaches
completion after 1 day, even at low DMA mixing ratios.”® This
observation also applies to the mixed AS-sucrose particles
modeled at a sucrose mole fraction of Fg, = 0.50.
Thermodynamic modeling of layer thickness was also
conducted with AIOMFAC for a 30 nm particle with
liquid—liquid phase separation (a and f phases). Results are
provided in Figure S1b and are similar in proportion to those
for the larger particles. These results suggest that, in locations
of high RH, when aerosol particles are in the liquid-phase state,
amine uptake could result in a mass increase by approximately
20—60%, depending on the composition of the particle.
However, given the sensitivity of the kinetic model to the
reaction rate constant at ambient conditions, measurements of
smaller particles are needed to better constrain the reaction
rate coeflicient in the model.

Further work on smaller particles is required to fully
understand the importance of aminium formation on particle
growth. Another important factor to consider is the Kelvin
effect, which becomes important for small particles. The
liquid—liquid phase separation as a phenomenon is assumed
to be approximately unchanged by the particle size at the 30
nm scale, but the separation relative humidity (SRH) would
potentially need to be adjusted for the competing effects of the
Kelvin effect and liquid—Iliquid interfacial energy, each acting
in a different direction in terms of increasing/decreasing
SRH.”” The kinetic model described in this paper was
motivated by experimental work on simplified mixed particles
containing only AS and one organic compound. In contrast,
TDCIMS measurements of particulate ammonium in 20—40
nm particles during HI-SCALE found that ~47 wt% of the
detected ammonium can be attributed to AS, suggesting that
other counterions for ammonium exist in particles such as
nitrate or deprotonated organic acids. TDCIMS measurements
also determined that amine salts could be important
constituents of ambient particles. Applying the assumption
that the measured DMA and methylamine form neutralized
salts with sulfuric acid, HI-SCALE measurements determined
that DMA sulfate comprises 20.0 + 36.8 wt% (uncertainties
here indicate standard deviation and not measurement
uncertainty) and methylaminium sulfate comprises 20.1 +
38.1 wt% of 20—40 nm particles, although it is also likely that
these strong bases form salts with other particulate anions.
These findings from HI-SCALE are consistent with previous
field measurements in which 10—47% of TDCIMS-detected
positive ions were attributed to aminium salts depending on
location.* Thus, while the amine/ammonium exchange
reaction could contribute to formation of ambient particles,
HI-SCALE measurements suggest other ammonium salts are
also present in ambient particles and must be considered in
future investigations.

It should also be noted that all experiments were conducted
at a temperature near 298 K. Seasonal fluctuations lead to
lower and higher temperatures throughout the world. At lower
temperatures, viscosity will increase so particles are expected to
become more viscous and kinetic limitations are more likely for
DMA uptake, whereas kinetic limitations are not expected at
higher temperatures.é0 In addition, geographic location and
atmospheric altitude are important as SOA are predicted to be
liquid in regions of high RH, semi-solid in the mid-latitude
areas and solid over dry lands, and in the middle and upper
troposphere.*’
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