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ABSTRACT: Isoprene is the nonmethane volatile organic compound (VOC)
emitted in the largest amounts to the atmosphere, and it is a significant source of
secondary organic aerosol (SOA) mass. The uptake of isoprene oxidation
products followed by multiphase chemistry in fine particles is the key pathway to
form isoprene epoxydiol-derived SOA (IEPOX-SOA). However, many parameters .
that relate to the diffusion and reaction of IEPOX in the particle phase remain Inorgapic OH T - -
uncertain since reaction kinetics previously measured in bulk aqueous-phase paddiven L -

solutions might be different from atmospheric aerosols. Here, we use - “
simultaneous environmental chamber measurements of multiple parameters
governing IEPOX-SOA formation at timescales of ~hours: particle size
distribution, composition, and volatility of IEPOX-SOA to constrain the key
parameters governing IEPOX-SOA formation under humid (i.e., 50% relative
humidity, RH) and varying seed aerosol acidity conditions. Reducing the 2-
methyltetrol (tetrol) reaction rate constants by a factor of 4 brings the model predictions in agreement with the IEPOX-SOA
measurements with acidified ammonium bisulfate seed aerosols. For less acidic ammonium sulfate aerosols, we find that both the
organosulfate (OS) and tetrol reaction rate constants need to be reduced to bring model predictions closer to chamber observations.
Using the measured nonvolatile content of IEPOX-SOA, we constrain the oligomerization timescale of tetrols. We find that the
oligomerization timescale is 4 h with acidified seed aerosols, but a much longer timescale of 24 h is needed for nonacidified aerosols,
indicating that the aerosol acidity greatly affects the oligomerization rate of tetrols. We show that the actual kinetics of [EPOX-SOA
formation rate on aerosols consisting of both ammonium bisulfate and ammonium sulfate is a factor of 4—S slower under 50—60%
RH conditions compared to their application in previous models, which were mostly based on bulk aqueous solution measurements.
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H INTRODUCTION
Isoprene (2-methyl-1,3-butadiene, C;Hy) is the largest emitted

Under low-NO, conditions, isoprene hydroxyhydroperox-
ides (ISOPOOH) are formed with large yields (>70%) from
the photooxidation (OH-initiated oxidation) of isoprene.'*'®
Subsequent OH reaction of ISOPOOH produces isomeric
isoprene-derived epoxydiols (IEPOX) with yields exceeding
75%."> IEPOX isomers are recognized as important reactive
intermediates in the formation of isoprene SOA.'” The
irreversible uptake of gas-phase IEPOX into acidic aerosol

nonmethane biogenic volatile organic compound (VOC) in
the atmosphere, with estimated global annual emissions of
500—750 Tg.' It can be readily oxidized by hydroxyl radical
(OH),”™* ozone (0,),”® and nitrate radical (NO;)"™’ to
generate semivolatile and low-volatile products that can

condense on preexisting atmospheric particles to form
secondary organic aerosol (SOA). Consequently, isoprene is
a significant source of the global SOA budget.'”"" The rapid
reaction between isoprene and OH radical (k = 9.7 x 107"

' s7') makes it the major pathway to form

cm® molecule™
isoprene SOA in the atmosphere."”'® The branching ratio of
initial products (i.e., peroxy radicals, RO,) of isoprene + OH
reaction is governed by the concentration of nitrogen oxides
(NO, = NO + NO,) and determines the subsequent SOA

formation pathways.'*
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water is expected to generate isoprene SOA, including known
semivolatile products 2-methyltetrols (2-methylthreitol and 2-
methylerythritol, hereafter tetrols), and low-volatile organo-
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sulfates (OSs) such as the methyltetrol sulfate (hereafter tetrol
sulfate) monomers as well as oligomeric species of both tetrols
and tetrol sulfates.'’~** Among these products, tetrols”*** and
tetrol sulfates'””> have been identified as organic tracers for
isoprene-derived SOA under low-NO, conditions, which are
measured in the ambient air and used to quantify the
contributions from isoprene”®™*" to the total SOA. Accurately
modeling tracer compounds along with other SOA species is
useful to establish the links between organic tracers and
source-specific SOA by avoiding biases due to different
conditions between chamber experiments and the ambient
environment.”' ~>* Thus, modeling explicit IEPOX-derived
SOA (IEPOX-SOA) components is critical to quantify the
isoprene SOA in the ambient air based on field measurements
of organic tracers.

The acid-driven multiphase chemistry mechanism was
implemented in multiple regional chemical transport models
(CTMs) to simulate IEPOX-SOA, and the results were
compared with the field measurements and aircraft observa-
tions.>*™>® However, the chemical kinetics of IEPOX-SOA
formation in aerosols is based on measurements in bulk
solutions,” which may not apply to atmospheric aerosols. In
addition, short timescale (~seconds) flow tube experiments
were used in previous studies to understand the uptake of
gases,” but these flow tube experiments have limited utility in
understanding the growth of particles during IEPOX-SOA
formation, especially at longer atmospherically relevant times
~hours.

Previous modeling studies have shown that IEPOX-SOA
could contribute to approximately 10% of total SOA during the
summertime in the eastern US with high isoprene emissions.””
In most current models, the reduced version of Gas-Aerosol
Model for Mechanism Analysis (simpleGAMMA)*' box model
was integrated to describe the uptake of gas-phase IEPOX and
followed by acid-driven aqueous-phase reactions to produce
SOA using the reaction rate constants and other parameters
reported by Budisulistiorini et al.’® However, Zhang et al.’s
studies revealed the self-limiting effects of IEPOX-SOA
formation due to aerosol-phase state and viscosity.'***
Considering the diffusion limitations by viscous SOA coat-
ings,43 Shrivastava et al.*° implemented the IEPOX reactive
uptake mechanisms and viscosity effects** into the Weather,
Research and Forecasting model with Chemistry (WREF-
Chem) to simulate IEPOX-SOA components over the Amazon
Rainforest and investigated the land surface-aerosol—cloud
interactions. They found that upper tropospheric IEPOX-SOA
formation was governed by additional surface chemistry
processes resulting in emissions of semivolatile 2-methyltetrol
gases and their transport by deep convection to high altitudes.

IEPOX reactive uptake parameters and diffusion limitations
with SOA coatings were evaluated by Octaviani et al.** using
an extended resistor-based box model to simulate the chamber
experiments with acidified sulfate aerosols under dry
conditions (relative humidity (RH) <5%). The model of
Octaviani et al. successfully captured the measured particle size
evolution, chemical composition, density, and volatility.
However, the IEPOX-SOA model has not been evaluated for
experiments under higher atmospherically relevant RH
conditions.

In this study, we applied the integrated IEPOX-SOA box
model in Octaviani et al.” to investigate the kinetic processes
governing the evolution of particle size distribution and
chemical composition with IEPOX reactive uptake onto

acidified and nonacidified ammonium sulfate seed aerosols
under elevated-RH (50—60% RH) conditions.*> Compared to
those used in Octaviani et al,* the IEPOX reactive uptake
parameters (i.e., reaction rate constants, accommodation
coefficient, and oligomerization time) were evaluated and
constrained by the chamber-measured particle size distribu-
tion, aerosol number mean diameter, total suspended aerosol
volume concentrations, and final SOA products’ volatility and
compositions. This work focuses on an aerosol system with
sulfate seed aerosols of varying acidity under RH 50—60%.

B METHODS

Chamber Experiments. The chamber experimental study
described by Riva et al.*’ provides the initial conditions for box
modeling with gas-phase IEPOX concentration and size
distribution of seed particles. The schematic of the chamber
emploz’ed is shown in the Supporting Information of Octaviani
et al.” Acidified sulfate seed aerosols (ammonium bisulfate,
ABS) were generated by nebulizing aqueous solutions of 0.06
M (NH,),SO, (aq) + 0.06 M H,SO, (aq), while nonacidified
sulfate seed aerosols (ammonium sulfate, AS) were generated
by nebulizing aqueous solutions of 0.06 M (NH,),SO, (aq)
only. The experiments were conducted in a 1 m® Teflon
chamber under elevated-RH conditions (58% RH for ABS and
51% RH for AS) at room temperature (24 + 2 °C) and
standard atmospheric pressure (1 atm). The seed particles
were introduced into the Teflon chamber prior to IEPOX
injection. Then, 2.5 mg of trans-f-IEPOX, which is the
prevalent IEPOX isomer,'® was injected into the chamber
mixed with seed aerosols by passing high-purity N, gas at 2 L
min~" through a heated manifold (60—70 °C) for 30 min,
which resulted in the mixing ratio of 500 ppb in the chamber.
The synthetic procedures for trans-f-IEPOX were described in
the previous study.*’

During the IEPOX reactive uptake onto seed aerosols, the
size distributions of particle number and volume concen-
trations were periodically measured by a scanning mobility
particle sizer (SMPS, TSI, Inc., model 3936), which consists of
a differential mobility analyzer (DMA) and a condensation
particle counter (CPC). Single-particle mass spectrometer
(miniSPLAT)*” was used to periodically characterize the size,
density, shape, and mass spectra of individual particles in the
chamber at a time resolution of several minutes. At the end of
each experiment, the aerosols were collected on Teflon
membrane filters (47 mm diameter, 1.0 ym pore size) at a
low rate of ~10 L min~" for 70—80 min, and the samples were
analyzed offline to quantify IEPOX-SOA chemical composition
using reversed-phase liquid chromatography/electrospray
ionization, high-resolution quadrupole time-of-flight mass
spectrometry (RPLC/ESI-HR-QTOFMS), and gas chroma-
tography/electron ionization-mass spectrometry (GC/EI-MS)
analysis. As described previously, a mixture of 2-methyltetrol
sulfate esters (tetrol sulfates), 2-methyltetrols (tetrols), and cis-
and trans-3-methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-
diols) was synthesized in-house and used to quantify the
IEPOX-SOA tracers."’

IEPOX Gas Reactive Uptake. The IEPOX reactive uptake
onto sulfate seed aerosols is described by first-order reaction
kinetics with the uptake coefficient ygpox and particle surface
area A, (cm® em™), as eq 1

d[IEPOX,]
dt a

Y
_ IEZOXA},(c)[IEPOXg] 0
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Table 1. Third-Order Reaction Rate Constants and Accommodation Coeflicients Used in This Study

aqueous-phase reaction rate constants

products tetrols OSs
nucleophile water sulfate
acids kyry M2 s7Y) kiso,; (M2 s71) b,y M2 57 Kyt (M2 s7Y) a
ABS? Base 9.00 X 107* 1.31 x 1075 3.10 x 1077% 127 X 1073¢ 0.02
LowRxn 225 x 1074 2.62 X 107¢ 620 X 1078 1.27 x 1073 0.02
LowAccom 225 x 107* 2.62 x 1076 620 X 1078 127 x 1073 0.001
AS¢ Base 9.00 X 107* 1.31 x 107° 3.10 X 1077 1.27 x 1073 0.02
LowRxn 1.80 x 107* 2.62 X 107¢ 620 X 1078 1.91 x 107™* 0.02
LowAccom 1.80 x 107* 2.62 x 107¢ 620 X 1078 191 x 107* 0.001

“Eddingsaas et al.*’ bNguyen et al.>' “Riedel et al.”> “Tetrol oligomerization timescale for ABS is 4 h in all three cases. “Tetrol oligomerization

timescale for AS is 24 h in all three cases.

where [IEPOX,] is the gas-phase IEPOX concentration (mol
m~) and (c) is the mean molecular velocity (cm s™'). The
7iepox is calculated based on a resistor-based model accounting
for gas-phase diffusion, mass accommodation, and bulk-phase
processes (dissolution, diffusion, and chemical reactions), as
the three terms in order on the right-hand side of eq 2
described in Anttila et al.*®

Lo n (o,
}/IEPOX 4Dg a 4RTHor org(qorgF - 1) (2)

where D, is the gas-phase diffusion coefficient (cm® s™"), which
is estimated using D, = 1.9(MW) =3 with molecular weight
(MW) of IEPOX (118 g mol™); r, is the radius of particle
(em), which contains the inorganic aqueous core and organic
coating thickness; o is the mass accommodation coeflicient of
IEPOX; R is the ideal gas constant (0.082 L atm K™' mol™!); T
is the temperature (K); qorg is a diffuso-reactive parameter
describing the competition between diffusion and reaction
within the organic coating; and H,,, and D,,, are Henry’s law
constant and diffusion coefficient of reactants in the organic
coating, respectively. The H,,,D,,, value was determined based
on SOA viscosity measurements from a flow tube reactor
conducted under RH of 40—99%.** H,,, was set to 2.0 X 10°
M atm™" as used in Zhang et al."* The function F represents a
composite term for the processes involved in the reactive
uptake at the interface between two bulk phases and can be
calculated following eqs 3—6 in Octaviani et al.*’

Aqueous-Phase Acid-Driven Reaction Rate Constant.
The IEPOX-SOA formation can be described by pseudo-first-
order acid-driven reactions in the aerosol water, and rate
constant (kaq, s™') is calculated assuming protonation of
IEPOX and nucleophilic addition, as eq 3 described by
Eddingsaas et al.”’

Nﬂcld Nnuc
kaq = z Z ki,j[acidi][nucj] ()
i 3

where N, 4 and N, are the number of acids (HY, NH,", and
HSO,”) and nucleophiles (H,O and SO,*”), respectively, and
[acid;] and [nuc;] are the molar concentration of acids and
nucleophiles (Mj, respectively. During the calculation, the H*
activity (ay) represents the molar concentration of H*, which
is adjusted by multiplying the H" activity coefficient based on
E-AIM model.*”*° Only the aerosol water content associated
with the inorganic phase (M of aerosols) is used as nucleophile
H,0. k;; is third-order reaction rate constants (M* s™"). Their

. . o . 39,51,52
values are derived from previous kinetic studies™” and

summarized in Table 1 (base case), which were first compiled
in Budisulistiorini et al.’s work®® and applied in most current
modeling studies.”>*”*** In this study, these reaction rate
constants were reassessed and constrained by the chamber-
measured particle size evolution and SOA product composi-
tion (see Table 1, LowRxn case). The two major SOA products
formed through the aqueous-phase reactions are tetrols and
IEPOX-organosulfates (i.e., methyltetrol sulfates or 08s).”*
The molar fraction () of OSs in the total IEPOX-SOA was
determined based on the relative contribution of the OSs
formation rate to the effective first-order reaction rate constant
(kyg)-

IEPOX-SOA Formation Scheme. Figure 1 illustrates the
process of IEPOX multiphase reactive uptake onto the phase-

Inorganic core

H,0 H* NH,
HSO; SO

Acid-driven
reactions

Oligomerization

Tetrols g, AEROSOL PHASE
GAS PHASE

Figure 1. Schematic of IEPOX-SOA formation through multiphase
reactive uptake of IEPOX and tetrols partitioning and oligomerization
processes.

separated aerosols, gas-particle-phase partitioning of tetrols,
and their oligomerization process. It is well accepted that OS
products have low volatility based on the measurements of
evaporation kinetics of OS standards,”"** and they are treated
as nonvolatile products in our model. Thus, the oligomeriza-
tion process of OSs is not included in the present study, even
though they have been previously demonstrated to participate
in oligomerization within laboratory-generated and ambient
aerosols, ! 2043:53,54 However, the saturation mass concen-
tration (C*) for tetrols was estimated to be within a range of
5—15 pug m™ reported by D’Ambro et al,”” and the average
value of 10 ug m™ is used in the model. Thus, the tetrols are
treated as semivolatile and can be kinetically partitioned into
the gas phase. The diffusion-limited partitioning of tetrols is
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Figure 2. Time evolution of aerosol number mean diameter (left) and total suspended aerosol volume concentrations (right) from observations
(black dots) and model simulations (color dots) with (a, b) ammonium bisulfate (ABS) seed aerosols and (c, d) ammonium sulfate (AS) seed
aerosols. Since the model incorporates size-dependent loss of particles to the walls, measurements were not wall-loss-corrected for consistency with
the model predictions. The slight decrease of total volume concentration of aerosols during IEPOX-SOA formation on AS seeds (d) is mainly
caused by the size-dependent aerosol loss onto the chamber walls, which is mostly balanced by the increase of particle volume due to IEPOX-SOA

formation.

treated based on Zaveri et al.>> Semivolatile tetrols can be
oligomerized to form nonvolatile tetrol oligomers in the
aerosol phase with a first-order e-folding time scale (Tohg). The
first-order oligomerization rate (1/7,;,) affects the fraction of
semivolatile and nonvolatile contents in the IEPOX-SOA,
which is constrained by the measured SOA composition at the
end of experiments in this study. The OS formation consumes
inorganic sulfate in the particles, and the inorganic and organic
sulfates are therefore molar balanced in the model. The
IEPOX-SOA forms a coating shell outside the inorganic core,
limiting the further uptake of IEPOX."**°

MOSAIC Model Setup. In this study, the IEPOX-SOA
formation through the multiphase reactive uptake mechanism
described above is implemented in the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC)***° to
simulate the particle size evolution and SOA product
compositions due to IEPOX uptake onto acidified and
nonacidified sulfate seed aerosols from the two humid chamber
experiments. The MOSAIC model has capabilities to treat the
kinetics of gas- and aerosol-phase chemistry, aerosol
thermodynamics and phase state, coagulation and condensa-
tion, and gas/particle wall loss. In each time step (1 s), the
model dynamically partitions organic and inorganic species and
calculates equilibrium aerosol water content and acidity in each
particle size bin. In this study, we applied the moving-bin
approach to predict particle size distribution evolution due to
SOA formation from the uptake of IEPOX. Coagulation was
ignored for simplicity.

The updated model was used to simulate 2 h chamber
experiments after introducing IEPOX gas. The aerosol size
distribution was represented using 205 size bins, with
diameters from ~1.1 to ~1700 nm. The model was initialized
with a gas-phase IEPOX concentration of 500 ppb and the
seed aerosol size distribution measured by SMPS before
IEPOX injection. The molar concentrations of NH," and
$O,*” in each size bin were calculated based on the measured
suspended dry aerosol volume, assuming the density of seed
particles is 1.77 g cm™. The density of IEPOX-SOA (tetrols,
OSs, and oligomers) is estimated to be 1.5 g cm™ based on
Cui et al’s study,’” which also agrees with Riva et al’s
measured density of overall particles (seed + IEPOX-SOA) at
the end of experiment.”> The MW for tetrols and OSs were
assumed as 136 and 216 g mol ™", respectively. The MW for
tetrol oligomers in this study is treated as the hemiacetal dimer
of 2 tetrol molecules, which has an MW of 254 g mol™" as
proposed in Surratt et al.’s studies.'”>*

We explicitly applied gas- and particle-phase chamber wall
losses in the box model. The particle loss onto the chamber
walls was characterized by a size-dependent first-order
deposition rate,”” as described in Xing et als study.”® The
detailed calculation steps are shown in Section S1 in the
Supporting Information. The model-simulated total suspended
particle number generally agrees with the chamber periodical
measurements for both ABS and AS seed aerosols (see Figure
S1 in the Supporting Information). The gas-phase wall loss
follows the methods described by He et al,”” which have been
used in the box modeling of several chamber experiments.*’~**
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Briefly, the first-order uptake and release of vapors to the
chamber walls were considered in the model using absorptive
partitioning theory.”*** The C* for tetrols is assumed to be
~10 pg m~>, and the loss of tetrols on chamber walls is not
negligible. However, IEPOX is highly volatile with a C*
estimation of 10* ug m™>, which is 3 orders of magnitude
higher than the tetrols,””*° and the chamber wall loss for
IEPOX shows little effect on modeling results. The effects of
vapor wall loss are discussed later in the section below. The
detailed calculations of gas- and particle-phase wall losses are
included in Section S2 in the Supporting Information.

B RESULTS AND DISCUSSION

IEPOX-SOA formation depends on many uncertain parame-
ters that relate to reaction rates and diffusion within the
particle phase. By concurrently using several measurements
during IEPOX-SOA formation in the chamber, we achieve
good constraints on key parameters as described below. In
addition to the measured growth of particle size distribution,
we use measured volatility, particle composition, OS content,
and density together to obtain model-measurement agreement.
This provides unique insights into the processes governing
IEPOX-SOA formation.

Constraining the Aqueous-Phase Reaction Rate
Kinetics. The particle number mean diameter represents the
number weighted average of dry aerosol midpoint diameter for
each size bin in the chamber, which indicates the particle
growth with the IEPOX reactive uptake. As IEPOX-SOA
forms, the observed aerosol mean diameter increases by ~50%
from 97.9 to 148.9 nm within 2 h of the experiments with ABS
seeds, while it only increases by ~27% (91.9—116.8 nm) with
AS seeds, indicating slower growth kinetics due to lower
acidity of AS compared to ABS seed aerosols (as black dots in
Figure 2a,c). With ABS seed aerosols, the total volume
concentration of suspended dry aerosols increases from 28 ym?®
cm™? before injection of IEPOX to above 70 ym® cm™ in ~40
min, then it starts slightly decreasing to ~50 ym® cm™ after 2
h due to the particle wall loss (Figure 2b). However, there is
no significant change in total volume concentration (25 + 3
pm® cm™) in the experiment with AS seed aerosols (Figure
2d), where the slow particle growth is likely compensated by
the particle loss onto the chamber walls.

The Base cases in Figure 2 (blue dots) were simulated based
on the reaction rate constants and accommodation coefficient
(a = 0.02) as described in Table 1, which is commonly used in
IEPOX-SOA modeling studies.****** In our previous study,
this set of parameters resulted in reasonable agreement
between predicted and measured particle size evolution and
product composition under low-RH conditions with acidic
ABS seed aerosols.”® However, the base model with default
parameters greatly overpredicts aerosol mean diameters and
total volume concentrations for both ABS and AS seed aerosols
under 50—60% RH conditions. To achieve a better model-
measurement agreement, we had to reduce the reaction rate
constants forming tetrols (when water is the nucleophile) by a
factor of 4 in the simulation with ABS seeds (as LowRxn with
green dots in Figure 2a,b). Since the total simulated IEPOX-
SOA is the sum of organosulfates (sulfate is the nucleophile)
and tetrols, the reduction of tetrol reaction rate increases the
relative reaction rate (f) of OS in the total IEPOX-SOA
formation from 0.17 in the Base case to 0.45 in the LowRxn
case (see Figure S2a). At 2 h, the simulated number mean
diameter and total volume concentration are 149.7 nm and

864 um® cm™, respectively, and agree better with the

measurements. For the simulation with AS seeds, in addition
to slowing down the tetrol formation reactions by a factor of S,
the rate constant for the OS formation had to be reduced as
well by multiplying it with a factor of 0.15 (as LowRxn with
green dots in Figure 2c¢,d). The simulated particle number
mean diameter and total volume concentration at 2 h are 125.7
nm and 52.9 pm® cm™3, respectively, which are much lower
than those in the Base case (~149.3 nm and ~85.8 um> cm™3,
respectively). As shown in Figure S2b, the f is estimated to be
0.22 in the LowRxn case, which is close to that in the Base case
(# = 0.18). The model-simulated IEPOX uptake coefficient
(yiEpox) for ABS is higher than that for AS by a factor of ~2,
which is consistent with the acidity-dependent yzpox shown in
Gaston et al.*’

The reaction rate constants used in the Base case were
measured in the bulk solutions,”” which could be significantly
different from the uptake of IEPOX onto atmospheric aerosols.
As discussed by Shrivastava et al,” the production rate of
IEPOX-SOA is characterized as the product of a reaction
probability for IEPOX and a yield describing the fraction of
that uptake that results in SOA mass, which is <15%
determined by the laboratory work.® In addition to achieving
better agreement with the chamber measurements, the reduced
rate constant for tetrols is also consistent with model sensitivity
simulations in Pye et al., which indicated that k- = 2 X 107*
M~ s7' leads to the best agreement with the field
observations.”*

IEPOX Mass Accommodation Coefficient. For all
simulations with ABS and AS seed aerosols, the model-
simulated particle growth much faster than the observations at
the beginning of the experiment, as the blue and green dots in
Figure 2. In the beginning, particle growth is greatest due to
ample gas-phase IEPOX, the particle is purely inorganic with
both sulfate and water, and there is no viscous organic shell of
IEPOX-SOA to limit IEPOX uptake due to particle-phase
diffusion limitations. The mass accommodation coefficient,
representing the fraction of collisions, which result in a gas-
phase molecule entering the particle,”” influences the initial
particle growth by governing the yjppox calculation in the first
several seconds with the extended resistor-based model
represented by eq 2.

Figure S3 shows the predicted overall resistance to mass
transfer represented by 1/yzpox within the first S min of the
simulation in a given aerosol size bin with the initial diameter
of 68.6 nm, which has the highest aerosol seed concentration.
The gas-phase diffusion resistor term has little effect on the 1/
Yiepox With a low value of ~0.3 compared to the other two
terms, since gas-phase diffusion is much faster than particle-
phase reaction and diffusion. The bulk-phase resistor term
includes resistances from particle-phase diffusion and chemical
reaction of IEPOX. For the ABS seeds, this term increases
from ~167 to ~6600 within 5 min, and it becomes the
dominant factor in determining the 1/yppox afterward.
However, at the beginning of simulations, the 1/ypox is
significantly influenced by the accommodation coefficient (1/
a). With the assumed a of 0.02 (1/a = 50.0), the 1/y1Epox
starts from ~220 for ABS seeds, resulting in the high uptake
coefficient yippox = 4.6 X 107>, When we reduced the a by an
order of magnitude to 107> (1/a = 10°), the yppox is reduced
effectively to 107 (1/yzpox = 10°) and decreases the model
overpredictions in the initial particle growth, bringing model
predictions into closer agreement with measurements. In
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Figure 3. Size distribution evolution of aerosol number concentration of observations (black lines) and model simulations (color lines) at (a) 10
min and (b) 120 min from the start of introducing IEPOX gas (gray dashed lines) onto ABS aerosols.

contrast for the AS seeds, the bulk-phase resistor term of ~5.0
X 10* is 2 orders of magnitude higher than ABS seeds at the
beginning of the experiment and governs overall resistance to
mass transfer (1/yppox). The high bulk resistor term for AS
seeds is mainly because of slower reaction kinetics in AS seeds
compared to acidic ABS seeds. Therefore, reducing the
accommodation coefficient has little impact on the overall
resistance to mass transfer (1/yppox) for AS seeds.

The fast initial growth for the ABS simulations is thus
contributed by the high accommodation coefficient (& = 0.02)
in the LowRxn case, although a = 0.02 is commonly used in the
current models. An even higher value of @ = 0.1 has been
suggested by Gaston et al."” Octaviani et al.” showed that the
model is sensitive to the mass accommodation coefficient of
IEPOX, and a higher value of 0.1 leads to better particle
growth evolution under dry and acidic conditions at 2 h, but
this @ = 0.1 overpredicts the initial growth of particles under
dry conditions. In this study, we applied a low accommodation
coefficient of 107 in the model to improve the model
performance in particle evolution (see LowAccom with red dots
in Figure 2). A low value of the surface accommodation
coeflicient a represents the physical process of mixing between
IEPOX gas and seed aerosols in the chamber in addition to the
uptake of IEPOX to the particles. The large ratio of IEPOX gas
concentration to the seed aerosols could significantly increase
the mixing timescales and reduce the fraction of an IEPOX
molecule entering the particle at the beginning of the
experiment. However, as discussed above, the particle growth
after the first S min for ABS is mostly governed by the particle-
phase diffusion-reactive term and not by the accommodation
coeflicient.

For the ABS seed aerosol experiment, with a lower mass
accommodation coeflicient, the initial particle growth is slower
and closer to the observations, but the particle number mean
diameter and total volume concentration have little changes at
2 h (149.9 nm and 83.3 ym® cm™>, respectively) compared to
the LowAccom case (Figure 2ab). That is because the
inorganic sulfates (SO,*~ + HSO,”) were nearly consumed
and converted to nonvolatile OSs at the end of the
simulation®® (see Figure S4a). For the less acidic AS seed
aerosol experiment, the lower mass accommodation coefficient
(a = 0.001) improves the model-measurement agreement of
the particle size evolution significantly, with the 2 h predicted
number mean diameter of 122.8 nm and total volume

concentration of 44.0 um® cm™® that are close to the
observations (116.8 nm and 21.3 um® cm™, respectively, as
Figure 2c,d). Due to the lower acidity of AS seed aerosols
compared to ABS, particle-phase reaction rates are slower in
AS seed aerosol experiment, resulting in higher resistance to
the IEPOX mass transfer (see Figure S3). Therefore, with a
slower rate of OS formation, only half of the inorganic sulfates
were consumed and converted to OS, and the particle keeps
growing with the continuous formation of IEPOX-SOA (see
Figure S4b). The particle growth during the entire simulation
is controlled by the bulk-phase resistor regardless of the «a
value. Thus, the particle evolution during the entire simulation
is not very sensitive to the mass accommodation coefficient.
The LowAccom cases agree well with chamber-measured
number mean diameters, but slightly overpredict the total
aerosol volume concentrations, especially for AS aerosols. The
decrease in total volume concentration is mainly governed by
the size-dependent loss of aerosols onto the chamber walls.
Although our model includes size-dependent particle wall loss
for the chamber based on Xing et al,>® its representation is
likely more uncertain for the AS seed aerosol experiment
compared to ABS seed aerosols (see Figure S1). The slight
overprediction of particle distribution in the larger particle size
bins at the end of simulation (as shown in Figure S6b)
contributes to the higher model-simulated total volume
concentrations compared to the observations (Figure 2d).
Evolution of IEPOX Uptake Coefficient. The IEPOX
uptake coefficient (yppox) is treated as a time-dependent
variable, which is estimated based on the extended resistor-
based model described in Anttila et al.** Figure S5a shows the
simulated time evolution of ygpoy in a given aerosol size bin
with the initial diameter of 68.6 nm during the simulated time
of 2 h. The model-simulated yigpox for ABS is much higher
than that for AS at the beginning of the experiment, which is
consistent with the acidity-dependent yizpox shown in Gaston
et al.* The yppox in the ABS simulation continuously
decreases from its initial value of 1 X 107> to 2 X 107° at
the end of simulation. The initial value is lower than that of
previous studies*”** because a lower mass accommodation
coefficient (@ = 107°) was applied in the model to limit the
uptake of IEPOX at the beginning of simulation that implicitly
accounts for the initial gas-particle mixing limitations in the
chamber and achieves model-measurement agreement. In
contrast, the simulated ypox in the AS simulation rapidly
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Figure 4. Relative mass contributions of observed (nonvolatile and semivolatile) and simulated IEPOX-derived SOA compositions (OS, tetrols,
and oligomers) at 2 h of simulations with (a) ABS aerosols and (b) AS aerosols. The dry-condition case refers to the simulation by Octaviani et
al.*® The simulations within the green box show the best agreement with the observations. The OS could possibly contain the monomer as well as
the dimers and trimers in the measurements, but they are not explicitly modeled in this study.

increases to its highest value of ~5 X 107° in the first 10 min
due to the evaporation of NH,*, which leads to the increase of
H* concentration (Figure SSb). yigpox then slightly decreases
to ~2 X 1075, a value that is consistent with the ypox for AS
reported by Gaston et al.*” The reduction of ygpoy is mainly
caused by the consumption of acids and nucleophiles, which
increases the resistor term for aqueous reactions (r aq) as
shown in Figure SS5¢,d. Under 50—60% RH, the resistor term
for coating (I'.,) that represents particle-phase diffusion
limitations within the organic coating is lower than the I',; by
several orders of magnitude, indicating that the self-limiting
coating effects are small compared to the reactions under 50—
60% %H, which is consistent with the 50% RH results in Zhang
et al.

Size Distribution Evolution of Aerosol Number
Concentrations. The size distribution of aerosol number
concentrations (dN/dlog Dp) at 10 and 120 min after IEPOX
injection into the chamber with ABS seed aerosols are shown
in Figure 3. The measured initial particle size distributions are
unimodal and dominated by the particles in the range of 55—
110 nm (25—75%), shown as the gray dashed lines. The
observed particles at 10 and 120 min predominantly lie in the
range of 65—135 and 90—170 nm, respectively (black lines).
Model calculations in the base case (blue lines) predict the
particles grow much faster than the observations and are
mostly distributed in the larger particle size ranges at 10 and
120 min (107—227 and 110—290 nm, respectively). After
reducing the reaction rate constants for tetrol formation, the
evolution of particle size distributions at 10 and 120 min are
well captured, and the particle sizes are within the range of
(69—-160 and 80—163 nm). The final 2 h particle size
distributions do not change with different IEPOX mass
accommodation coefficients of 0.001 and 0.02.

The evolution of particle size distribution with AS seed
aerosols is slower than that with ABS aerosols. The dominant
particle number distribution range grows from 53—105 to 55—
110 nm within ~10 min and 73—135 nm at 120 min (i.e., at
the end of the experiment), as shown in Figure S6. Similar to
the simulation with ABS seed aerosols, the particles in the base
case are predicted to grow faster and reach larger sizes
compared to measurements during the entire simulation.
Model cases with reduced reaction rate constants (as LowRxn
and LowAccom described in Table 1) show better agreement
with the observations (see green and red lines in Figure S6).

The higher IEPOX accommodation coefficient of 0.02 leads to
the faster initial growth of smaller particles, resulting in a
narrower distribution, which is consistent with the finding in
Octaviani et al.*> At the end of simulations (120 min), the
dominant particle number distributions lie within the range of
70—145 and 68—135 nm for LowRxn and LowAccom cases,
respectively. The area under the number distribution curve but
above the horizontal axis represents the total aerosol number
in the chamber, and it shows that the model-simulated particle
numbers agree well with the observed data.

A recent study shows that the Cg-alkene triols could be
formed through the acid-driven IEPOX isomerization with a
total yield of 7.6% (5% gas-phase yield and 2.5% particle-phase
yield).®® Although alkene triol formation is not included in this
study, a 2.5% yield of particle-phase alkene triols is minor and
cannot explain the four to five times overprediction of particle
volume in the base case. In this work, we showed that a factor
of 5 slower reaction kinetics compared to those derived by bulk
solution measurements previously,”” are needed to explain
IEPOX-SOA formation on ABS and AS seeds.

Potential Acidity-Dependent Oligomerization Time-
scale for Tetrols. Particle-phase acidity is known to affect the
oligomer formation of SOA particles.65 However, the role of
acidity in the oligomerization of IEPOX-SOA components is
not well characterized. FIGAERO-CIMS measurements by
D’Ambro et al.”* suggested that IEPOX-derived semivolatile
tetrols form nonvolatile oligomers through a first-order
reaction time scale (‘L'Ohg) of a few hours. In the simulation
of IEPOX reactive uptake under dry conditions, Octaviani et
al® adopted 7.;; of 2 h, based on D’Ambro et al,”® and
predicted that approximately 50% of tetrols were oligomerized.
Their model prediction agreed with the measured volatility of
IEPOX-SOA. We varied the modeled 7,;; ranging 2—24 h to
evaluate how the IEPOX-SOA composition and volatility
changes with 7., All other parameters are the same as given in
LowAccom case (see Table 1). Figure S7 shows that the
simulated particle growth and size distribution evolution is not
sensitive to the 7, However, 7, significantly affects the
product volatility and composition, as shown in Figure S8. At
the end of the chamber experiment, the observed volatility of
IEPOX-SOA is used to constrain the oligomerization time
scale in this study.

The miniSPLAT measurements indicate that ~85% of
IEPOX-SOA was nonvolatile when it was formed on ABS
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Figure S. Impacts of tetrol gas wall loss on the time evolution of (a) aerosol number mean diameter (nm) and (b) total suspended aerosol volume
concentrations, and relative mass contributions of simulated IEPOX-SOA compositions at 2 h.

seeds; however, only ~50% was nonvolatile on AS seeds
(Figure 4). In our model, the sum of OSs and Tetrol oligomers
constitutes the nonvolatile fraction of IEPOX-SOA with the
remaining fraction attributed to the remaining particle-phase
nonoligomerized semivolatile tetrols. For IEPOX-SOA for-
mation on ABS seeds, the base case model predicts only 74%
nonvolatile components compared to the observed fraction of
85%, and only 13% is OSs, which is inconsistent with the
measurements by Riva et al.” RPLC/ESI-HR-QTOFMS
measurements by Riva et al.*’ indicated that ~40% of
IEPOX-SOA is OSs, and GC/EI-MS measurements indicated
that ~30% is Cs-alkene triols. Frauenheim et al. found that
~10—50% of Cs-alkene triols are formed through acid-driven
particle-phase IEPOX isomerization,®® and the rest of them are
believed to be analytical artifacts and suggested to be
decomposition products from OSs that were not measured.””
Therefore, ~40—70% of IEPOX-SOA are likely OSs. By
reducing the reaction rate constants for tetrols in the model,
we predict a reasonable OS fraction in the range of 64—73%
(see Figure S8a). Varying the simulated tetrol oligomerization
timescales in the model results in the predicted nonvolatile
SOA components ranging from 77 to 91%. With 7, = 4 h, the
modeled fraction of nonvolatile content (84%) shows best
agreement with the observation (85%). The predicted fraction
of total tetrols (tetrols + oligomers) comprises 37% of IEPOX-
SOA, which is a factor of 3 higher than that in the simulation
of dry-condition experiment (see Figure 4a),” and is also
consistent with miniSPLAT and GC/EI-MS measurements.*’

For IEPOX uptake onto AS seed aerosols, the base case
model predicts 54% nonvolatile products at the end of the
simulation, which is in good agreement with the miniSPLAT
measurements of ~50% nonvolatile content. GC/EI-MS
measurements indicated that ~50% of IEPOX-SOA is OS,
which indicates that the miniSPLAT observed nonvolatile
components can mostly be attributed to nonvolatile OSs.
Although the base case simulation provides a reasonable
fraction of total nonvolatile content, it predicts that the tetrol

oligomers are dominant in the nonvolatile components, which
cannot explain the GC/EI-MS measurements. To increase the
predicted fraction of OSs, we needed to reduce the reaction
rate coefficients for both tetrols and OSs formation by a factor
of ~5 and reduce the oligomerization timescale of tetrols.
Figure S8b shows that with higher oligomerization timescales
(Tohg > 16 h), the predicted nonvolatile fraction is ~50% and
the tetrol oligomers fraction is less than 10%. The model with
Toiig = 24 h in this study predicted 49.5% nonvolatile content,
which is dominated by OSs (44%), and it agrees best with the
observed product composition.

The measurements of product composition at the end of the
experiments constrain the tetrol oligomerization time scale. To
explain the measured IEPOX-SOA composition and non-
volatile content of IEPOX-SOA, our model indicates that a
factor of ~6 faster oligomerization rate for more acidic ABS
seed aerosols (Tohg of 4 h) compared to AS seeds (Tohg of 24 h),
resulting in the oligomerization rate (1/7,) of ~6.9 X 10° and
1.2 X 10° s7', respectively. The variation of oligomerization
rate is most likely controlled by varying acidities of seed
aerosols. AS seeds have initial pH of ~1.5 with little variation
during the entire simulation, while with ABS seeds, the IEPOX
uptake process increases the particle pH from the initial value
of negative (—) 0.9 to ~1.3 within ~30 min, which is driven by
the conversion of inorganic sulfates to OSs.'*° An even lower
Toig = 2 h was adopted in Octaviani et al’s simulation of
IEPOX uptake onto acidified ABS seed aerosols under dry
conditions (5% RH compared to 50—60% RH in this study).
Under dry conditions, ABS seed aerosols exist in metastable
states that contain a small amount of aerosol water®” and have
an initial pH of —3.43," higher acidity compared to the 50—
60% RH in this study. Combining the simulations under dry
and wet conditions with varying seed particle acidities, the
tetrol oligomerization process is potentially catalyzed by
particle acidity and the oligomerization rate is likely faster
with lower aerosol pH, consistent with prior work.”’
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Effects of Tetrol Gas Wall Loss. In this study, the vapor
wall loss for both IEPOX and tetrol gases is treated as a kinetic
process, which is described in Section S2 in the Supporting
Information. Semivolatile gases like tetrols are more efficiently
lost to chamber walls compared to more volatile gases like
IEPOX. Gas-phase wall loss was not included in Octaviani et
al’s simulation of the dry-chamber experiment due to its
limited effects on the particle size evolution,” which is likely
caused by the little semivolatile tetrols formed under low RH
(~5%). In our prior study, ~90% of IEPOX-SOA was
predicted to be OSs. However, under the higher RH
experiments of 50—60% in our study, tetrols constitute a
larger fraction of IEPOX-SOA as indicated by miniSPLAT,
GC/EI-MS measurements, and our model. Vapor loss onto the
chamber walls reduces the concentrations of tetrols in the gas
phase and causes more tetrols to partition to the gas phase to
achieve gas-particle equilibrium. This in turn also reduces their
oligomerization process. We assessed the effects of gas-phase
wall loss on particle size evolution and product composition for
the ABS and AS seed aerosols under humid conditions by
comparing model simulations with gas-phase wall loss on (w/
gas wall loss) and off (w/o gas wall loss), as shown in Figure S.
All other parameters are the same as given in LowAccom case in
Table 1. Compared to all other cases that have wall loss on, as
presented in this manuscript, turning gas-phase wall loss off
results in 15—21% overprediction in the number mean
diameters of particles (Figure Sa,b). In addition, the fractions
of total tetrol products (tetrols + oligomers) are predicted to
increase by 11 and 19% for ABS and AS seed aerosols,
respectively, and the fractions of semivolatile content in
IEPOX-SOA (27% for ABS and 69% for AS) are significantly
higher than the observations (16% for ABS and S1% for AS,
Figure Sc,d). In summary, including gas-phase wall loss
improves model-measurement agreement.

B CONCLUSIONS

In this study, we applied the MOSAIC box model with several
updates to the IEPOX-SOA formation scheme to simulate the
environmental chamber experiments of IEPOX reactive uptake
on acidified and nonacidified seed aerosols under 50—60% RH
conditions. Constrained by the chamber-measured particle size
evolution and IEPOX-SOA product compositions and
volatility, the model simulations provided new insights into
the IEPOX reactive uptake process. The aqueous-phase acid-
driven reaction rate constants in the base case model, which
were derived from bulk solution kinetics and used in all
previous models, greatly overpredict the IEPOX-SOA for-
mation under 50—60% RH conditions. By reducing the
particle-phase tetrol formation reaction rate constants by a
factor of 4, the evolutions of the number mean diameter and
total aerosol volume concentration with acidified sulfate seeds
were brought into much better agreement with the chamber
observations. The simulated branching ratio () of OS
formation is approximately 0.45 for ABS seeds under 51%
RH conditions. For less acidic AS seeds, in addition to
reducing the tetrol reaction rates by a factor of S, the OS
reaction rate constant needed to be reduced by multiplying it
with a factor of 0.15 to explain measured particle composition
including the OS content and volatility. In contrast, all current
CTMs use the same aqueous reaction rate constants to
simulate IEPOX-SOA formation irrespective of acidity and
RH, which could significantly bias their predictions of tetrols
and OSs formed under elevated-RH conditions. Our study

shows that IEPOX-SOA reaction rates within atmospheric
aerosols strongly depend on RH and seed particle acidity. The
implication is that chemical kinetics derived from bulk solution
measurements used in previous studies are most likely a factor
of 4—5 too high compared to the kinetics needed to explain
IEPOX-SOA formation on actual atmospheric aerosols, as
shown in this study.

We also show that the tetrol oligomerization process that
affects the volatility and composition of SOA products reveals
a strong dependence on seed aerosol acidity. We constrain this
oligomerization rate using the miniSPLAT measurements of
IEPOX-SOA volatility and GC/EI-MS measured components,
especially the fraction of OS. We find that an oligomerization
time scale of 4 h best matches measurements in simulating
IEPOX uptake onto acidified seeds (pH = —0.9 to 1.3), while a
much longer time scale of 24 h is suitable for less acidic AS
seeds (pH ~ 1.5). An oligomerization time of 2 h was used for
acidified seed aerosols under dry conditions, which have even
higher acidities (pH = —3.4 to —0.5).* Based on the three
experiments with varying seed aerosol acidities, we show that
the oligomerization process is faster on the aerosols with
higher acidities (lower pH) and under drier conditions. The
dependence of aerosol acidity on the tetrol oligomerization
rate should be more carefully investigated by well-designed
experiments in the future.

To simulate IEPOX-SOA formation in the elevated-RH
chamber experiment, we show that the semivolatile tetrol loss
onto the walls was significant. When the tetrol gas wall loss was
turned off, our model overpredicted the evolution of particle
size and the tetrol fractions in IEPOX-SOA. We also showed
that the mass accommodation coeflicient for IEPOX
significantly impacts the predicted particle initial growth for
ABS seeds during the initial stages of particle growth, but not
for AS seeds. Initial particle growth for AS seeds is mainly
governed by particle-phase chemical kinetics that is much
slower than ABS seeds.

Our results imply that IEPOX reactive uptake kinetics used
in regional and global models, which are based on bulk
aqueous solution measurements have likely overpredicted
IEPOX-SOA formation from aqueous chemistry in the
atmosphere. Models that consider the updated reaction rate
coeflicients and tetrol oligomerization rates, which are RH- and
acidity-dependent, as derived in this work, could help derive
critical insights about key processes governing IEPOX-SOA
formation in the atmosphere. Getting the right answers for the
right reasons is critical for identifying gaps in our current
understanding of aqueous-phase SOA formation, and process
discovery through model-measurement comparisons, as high-
lighted in our recent study.”® Although the RH of 50—60%
investigated in this study is commonly considered representa-
tive of elevated-RH conditions in recent chamber experi-
ments,”"’? it is still below the relative humidity levels near the
earth’s surface at several locations in the atmosphere (e.g,
greater than 70% RH during the wintertime).”” The
parameters (i.e., reaction rate constants) under higher RH
conditions need to be further validated by experimental
measurements and modeling studies in the future.
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