Downloaded via UNIV OF CALIFORNIA RIVERSIDE on July 16,2023 at 15:38:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S

pubs.acs.org/est

Phase State and Relative Humidity Regulate the Heterogeneous
Oxidation Kinetics and Pathways of Organic-Inorganic Mixed

Aerosols

Chuanyang Shen, Wen Zhang, Jack Choczynski, James F. Davies, and Haofei Zhang™

Cite This: Environ. Sci. Technol. 2022, 56, 15398—15407

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Inorganic species always coexist with organic materials in
atmospheric particles and may influence the heterogeneous oxidation of
organic aerosols. However, very limited studies have explored the role of the
inorganics in the chemical evolution of organic species in mixed aerosols.
This study examines the heterogeneous oxidation of glutaric acid—
ammonium sulfate and 1,2,6-hexanetriol—ammonium sulfate aerosols by
hydroxyl radicals (OH) under varied organic mass fractions (f,,,) and relative
humidity in a flow tube reactor. Coupling the oxidation kinetics and product
measurements with kinetic model simulations, we found that under both low
relative humidity (RH, 30—35%) and high RH conditions (85%), the
decreased f,,, from 0.7 to 0.2 accelerates the oxidation of the organic
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materials by a factor of up to 11. We suggest that the faster oxidation kinetics under low-RH conditions is due to full or partial phase
separation, with the organics greatly enriched at the particle outer region, while enhanced “salting-out” of the organics and OH
adsorption caused by higher inorganics could explain the observations under high-RH conditions. Analysis of the oxidation products
reveals that the dilution of organics by the inorganic salts and corresponding water uptake under high-RH conditions will favor
alkoxy radical fragmentation by a factor of 3—4 and inhibit its secondary chain propagation chemistry. Our results suggest that

atmospheric organic aerosol oxidation lifetime and composition are strongly impacted by the coexistent inorganic salts.

KEYWORDS: phase separation, salt out, alkoxy radical, fragmentation, aerosol lifetime

B INTRODUCTION

Atmospheric aerosol particles are mainly composed of organic
and inorganic materials, in which the organics may account for
20—70% of total aerosol mass." As the atmosphere is a highly
oxidizing environment in the presence of gas-phase oxidants
such as hydroxyl radicals (OH), the organic materials at the
particle surface undergo heterogeneous oxidation processes,”
which may transform the aerosol particles’ chemical
compositions and the physical properties, including aerosol
size and volume,” optical properties," hygroscopicity,” and
cloud condensation nuclei activity.” The two key aspects in
aerosol heterogeneous oxidation processes are the oxidation
rates and reaction pathways, which together govern the aerosol
composition through oxidation. The reaction rates describe
how fast the organic materials are degraded and the reaction
pathways determine the bulk organic compositions.” The
various reaction pathways of the peroxy radicals (RO,) and
alkoxy radicals (RO) following the initial OH-oxidation
(Figure 1) determine how the parent organic molecules
undergo functionalization and fragmentation and hence affect
the chemical composition and mass evolution.” Extensive
studies have examined these two aspects for pure organic
particles and provided crucial information on the reactivities
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and compositions of organic aerosols during heterogeneous
OH-oxidation.”” ™"

However, pure organic particles rarely exist in the
atmosphere, especially in regions influenced by human
activity.'® In the presence of inorganic salts, the particle’s
water content and phase state may be significantly
changed."”™** As a result, the heterogeneous oxidation of
organic-inorganic mixed particles could be largely different.
Despite the strong atmospheric relevance, few studies have
investigated the heterogeneous OH-oxidation of organic-
inorganic mixtures.”' ™ Among the limited studies, it was
found that the heterogeneous oxidation rates are increased
when the organics and inorganics are fully phase-separated and
the organic surface-to-volume ratio is enhanced”’ but are
reduced when the organics and inorganics form a well-mixed
single liquid phase due to surface dilution.”” These conflicting
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Figure 1. Reaction mechanism for the heterogeneous OH oxidation
of organic species in the particle phase.

results suggest that relative humidity (RH) and particle phase
states may play a pivotal role in heterogeneous oxidation of
organic-inorganic mixed aerosols. For less polar organics, they
often present a clear phase-separated structure when mixed
with inorganic salts, which has been the focus in most previous
organic—inorganic mixture heterogeneous oxidation stud-
ies.”"***> But most organic aerosols are more polar in the
real atmosphere' and have lower or no separation RH when
mixed with inorganic salts.' 25?7 However, when organic-
inorganic mixed particles are dried, especially when undergoing
nonequilibrium efflorescence, spatial heterogeneity may occur
due to sequential efflorescence caused by the differences in
individual nucleation rates and transporting processes. Under
this condition, they can be present in amorphous phase state,
rather than the well-defined, phase-separated, or well-mixed
phase state.

Despite the modified oxidation kinetics, previous studies
suggested that the OH-initiated heterogeneous oxidation
mechanism and products of organic-inorganic mixed particles
are qualitatively similar to those of pure organic particles.””**
However, the effects of inorganic salts, phase states, and
particle water on the heterogeneous oxidation pathways and
products remain elusive. In this study, we investigate OH-
initiated heterogeneous oxidation of organic-inorganic mixed
aerosols using glutaric acid (GTA) and 1,2,6-hexanetriol
(HXT) as the model organic materials and ammonium sulfate
(AS) as the model inorganic salt. GTA has an O/C ratio of 0.8
and is studied to represent the highly oxidized organic aerosols
in the atmosphere, whereas HXT has an O/C ratio of 0.5,
representative of the moderately oxidized organic aerosols. The
functional groups in these two model compounds (i.e.,
carboxylic acid and alcohol) are also often found in ambient
organic aerosols.”” Heterogeneous OH oxidation experiments
are performed for the mixed particles with varied organic mass
fractions ( forg) in the relevant 0.2—0.7 range and under both
low RH (30—35%) and high RH (85%).

B MATERIALS AND METHODS

Chemicals and Reagents. The chemicals and reagents
used in this study and their purities and suppliers are as
follows: glutaric acid (Sigma-Aldrich, 99%), 1,2,6-hexanetriol
(TCL, >96%), ammonium sulfate (Fisher Chemical, 99.8%),
ammonium chloride (Fisher Chemical, >99.0%), toluene
(Certified ACS, 99.9%), pyridine (DriSolv., 99.8%), BSTFA
W/1% TMCS (Restek Corporation), sodium chloride (Sigma-
Aldrich, 99.5%), and acetonitrile (HPLC Grade Fisher
Chemical, >99.9%). All chemicals were used without further
purification.

Experimental Details. All the heterogeneous OH
oxidation experiments of organic-inorganic aerosol mixtures
were performed in a laminar flow tube reactor (FTR, Quartz,
1.02 m long, 7.19 cm id, and volume ~4.12 L) at room
temperature (20—25 °C)."> The experimental setup is
illustrated in the Supporting Information (SI), Figure S1. A
total inlet flow of 4 L min™" was used in all experiments. A
zero-air generator (Aadco Instrument, Inc., 747-30) was used
to supply clean dry and wet air flows to achieve the RH of 30—
35% or 85%, measured by an RH sensor (Omega Inc., RH-
USB). The wet flow was generated by passing the dry air
through a heated jar containing deionized water. O; was
introduced into the FTR by an O; generator (Ozone Solutions
Inc). The OH radicals were formed through photolysis of Oy
with two 254 nm UV lamps in the presence of water
vapor.”'#'> The OH exposure levels were simulated using a
photochemical kinetic box model based on O; concentrations
before and after UV illumination®” and were controlled at 0.2—
3.0 X 10" molecules cm™>. Organic-AS mixed aerosol particles
were generated by a constant output atomizer (TSI Inc.) using
solutions with a total concentration of 2 g L™" and varied forg
(0.2—0.7). In two experiments, GTA was mixed with both AS
and ammonium chloride (ACI) to study the effects of different
inorganic species. The peak diameter of output particles varied
from 70 to 100 nm. O; concentrations in the FTR were
measured by an O; analyzer (Thermo Environmental Instru-
ments, Model 49C). A scanning electrical mobility scanner and
a mixing condensation particle counter (SEMS and MCPC,
Brechtel Manufacturing Inc.) were used to measure size
distribution and number concentration of the mixed particles
from 10 to 900 nm. After the particle mass concentrations and
ozone concentrations became stable, particle samples were
collected using a spot sampler (Aerosol Devices Inc.) at 1.5 L
min~' for 10—20 min.

All the collected samples were immediately dissolved in a
170 pL mixture of toluene, acetonitrile, pyridine, and BSTFA
(volume ratio of 1:3:3:10) for gas chromatograph electron
impact ionization mass spectrometry (GC-EI-MS) analysis, or
in 200 uL acetonitrile with 0.1 mM NaCl for electrospray
ionization (ESI) ion mobility spectrometry time-of-flight mass
spectrometry (IMS-TOF) analysis. The detailed description of
the instruments can be found in our previous work.'”*'~** For
the GC-EI-MS (Agilent Inc, 7890 GC and 5975 MSD)
analysis, the extracted samples were subjected to BSTFA
derivatization at 70 °C for 1 h, which converts alcohol groups
(—OH) to trimethylsilyl (-O-Si(CH;);) groups. Thus, GTA,
HXT, sulfate, and many oxidation products that contain
carboxylic acid and —OH groups can be derivatized to become
detectable by the GC-EI-MS. IMS-TOF (Tofwerk Inc.) was
used to supplement the GC-EI-MS for measuring a more
comprehensive spectrum of products that are not detectable in
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the GC-EI-MS. IMS resolution is (t/At) ~ 100, and the TOF
mass resolution is (m/Am) ~ 4000.

Single Particle Levitation Studies. Phase changes in
particles containing AS and GTA were explored in levitated
particles using a linear-quadrupole electrodynamic balance
(LQ-EDB).*® Sample solutions were prepared at an aqueous
concentration of ~5 g L™!, and droplets with a diameter on the
order of 50 ym were generated using a microdroplet dispenser
(Microfab MJ-ABP-01) and introduced into the LQ-EDB. The
droplets were inductively charged with up to 50 fC at the point
of generation and became confined within the electric fields.””
The excess water evaporated, and the resulting particles
attained equilibrium with the chamber RH with a diameter on
the order of 10 um. Mie resonance spectra were measured by
illumination with a red LED, as described in our previous
work,*® to determine the size and refractive index of the
sample. The evolution of the Mie resonance spectra was used
to infer changes in the size, optical properties, and morphology
of the particles as the RH varied. The change in the relative
size of the particle was also measured using the voltage
required to balance the particle. Given the introduction of
airflow at ~10 cm s~', the Stokes drag force was much larger
than the weight of the particle, and the electrostatic force was
proportional to the diameter of the particle. This allows the
influence of RH on dried particles to be measured in the
absence of clear Mie resonance spectra.

Kinetic Simulations. To explain the observed oxidation
kinetics, a reaction-diffusion multilayer kinetic model was
developed, as described in our previous work,'> which is
essentially a similar representation to several other model
frameworks that have simulated aerosol heterogeneous
oxidation chemistry.”® * The model constructs a multi-
compartment rectangular prism to approximate the aerosol
particle, while maintaining the same surface-to-volume ratio of
the spherical aerosol and hence preserving the relevant scaling
between surface and bulk processes. The organic diffusion
coefficients (Dorg) under all the experimental conditions are
estimated using the AIOMFAC model to first obtain the

viscosity (1) of the parent OA.*"** Then, D, can be
calculated based on the Stokes—Einstein equation:
_ kg X T
T8 erxaxny (1)

where kj is the Boltzmann constant; T is the temperature, and
a is the effective molecular radius (estimated by the molecular
weight and density). The # values in the model remain
constant for each organic-inorganic condition for simplicity,
similar to previous studies.'””*" Using this method, we
estimate that the D, values for the GTA-AS mixtures under
35% RH have a range of 1.0 X 1072-2.1 x 107® cm?* s7*
depending on the phase state (discussed later) and forg In
comparison, the D, values for the GTA-AS mixtures under
85% have a range of 8.6 X 1077=2.0 X 10~® cm?® s/, varied by
forg: Similarly, the D, value for the HXT-AS mixtures under
30% RH is 7.8 X 10 '® cm® s™' and may range from 1.5 X
1075=2.6 X 107% cm® s™' under 85% RH, varied bY forg:
Under the low-RH conditions, the particle-phase diffusion
may be slow for both mixed aerosol systems. Thus, the
multicompartment configuration is necessary. The thickness of
each compartment is set to 1 nm, which was suggested to be a
good representation of semisolid aerosol particles.”” Each
compartment is assumed to be a well-mixed volume. The

model includes (1) the adsorption, desorption, and reactions
of OH at the surface compartment of the particles; (2) organic
radical-centered and multigenerational reactions in each
compartment; and (3) diffusions of all the species molecules
between adjacent compartments. The adsorption of OH is
given by

b, = axcTxXAXSf
4 XV )
where k4 is the pseudo first-order adsorption rate (s™); a is
the surface sticking coefficient; ¢ is the mean thermal speed of
OH (cm s7'); A is the aerosol surface area (cm?); f. is the
fraction of available surface sites for OH adsorption (=
available site number/maximum site number);*** and V, is
the volume of the surface layer (cm?). The desorption rate
constant for OH is fixed at 2.86 X 10'° s7, consistent with its
estimated lifetime on aqueous surfaces.*” The evaporation of a
major fragmentation product, oxalic acid, is also considered in
the model.** The second-order reaction rates of GTA with OH
(kgrason) are based on recent studies of aqueous-phase GTA
+ OH reactions.** The second-order reaction rate constants
for OH with HXT (kgxrson) and all the oxidation products
are estimated using the structure—activity relationship (SAR)
for aqueous-phase oxidation.**® The model also explicitly
represents the chemical reactions for GTA, which includes
functionalization reactions up to the second generation and all
fragmentation reactions (Figure S2). The HXT oxidation
mechanism is more simplified to only represent the generic
oxidation pathways but is sufficient to simulate HXT
degradation. The rate constants for RO,- and RO-involved
reactions (shown in Figure 1) are from previously published
work.*”*%*” Details of the reactions in the model can be found
in Table S1.

Under 85% RH, the organic-inorganic mixed aerosols are
assumed to be a well-mixed aqueous system with instantaneous
mixing. Thus, a single bulk com})artment is used in the model
to reduce computational costs.”” Moreover, with the aqueous-
phase aerosols that contain carboxylic acids, it has been shown
that acid—base may occur concurrently with the organic radical
chemistry (Figure 1)."> Therefore, dissociation of GTA is
considered in the model for 85% RH. The OH oxidation rate
constants for glutarate anions are based on the report by Wen
et al.* In addition, because the hygroscopicity of inorganic
salts is generally larger than that of organic materials,*** the
water uptake will also be enhanced in the presence of inorganic
salts. The particle diameter (d,) is a critical model input
parameter, but the aqueous particle size was not directly
monitored because aerosols were dried before the SEMS
measurements. Thus, the aqueous particle sizes were calculated
considering both the curvature effect and solution effect. For
the solution effect, the equilibrium water activity of mixed
organic-inorganic-water particles with varying mixing ratios
was modeled using the AIOMFAC model; for the curvature
effect, the Kelvin equation is used:

40M,,
RTp D (3)

e.(T) = ¢(T) X exp

where ¢ (T) and e(T) are the equilibrium water vapor
pressure over a curved and flat surface, M,, and p,, are the
molecular weight and density of water, o is the surface tension
of the solution/air interface (¢ = 0.072 ] m™2), R is the
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Figure 2. (A,B) Decay of GTA under 35 and 85% RH, respectively, with varied Sorg: (C) Estimated oxidation rate constants as a function of Sorg for
GTA heterogeneous OH-oxidation. Curves represent model simulations under various assumptions. (D,E) Decay of HXT under 30 and 85% RH.

(F) Estimated oxidation rate constants as a function of f,,

for HXT heterogeneous OH-oxidation and corresponding model simulations. Dashed

lines in A, B, D, and E are exponential fittings of the experimental data. In C and F, the error bars represent the standard deviation (16) of the fitted

k; the curves are model simulations of the oxidation kinetics.

universal gas constant, T is the temperature, and D is the
diameter of the droplet. Based on these two effects, given the
RH and the amounts of organic and inorganic materials, the
particle-phase water can be calculated. Thus, the particle’s
equilibrium wet size can be obtained. Figure S3 illustrates how
the organic, inorganic, and water amounts vary with different
forg under 85% RH for GTA and HXT. As shown, the absorbed
water dominates particle’s volume under 85% RH especially for

low for,

B RESULTS AND DISCUSSION

OH-Initiated Heterogeneous Oxidation Kinetics of
the Organic-Inorganic Mixed Aerosols. The (—)ESI-IMS-
TOF measurements found no evidence for organosulfate
formation in the oxidized aerosols for both GTA and HXT,
suggesting that all the sulfate remains in its original inorganic
form. Because sulfate can be derivatized and detected by GC-
EI-MS and is not expected to react in the system, it is used as
an “internal standard” to accurately quantify the degradation of
GTA and HXT during the heterogeneous OH-oxidation.
Additional tests verified that the GC-EI-MS peak intensity
ratio of the organic material to sulfate is proportional to the
mass ratio (Figure S4). The normalized intensities of GTA and
HXT (after correction by the sulfate peak intensity) as a
function of OH exposure are shown in Figure 2. The second-
order rate constant (k) for the OH oxidation of GTA or HXT
for each experimental condition is obtained by exponentially
fitting the degradation data:

[Org]

—k X [OH] X t
(Orgl, exp( [OH] X t)

(4)

15401

where [Org], and [Org] are the parent organic (GTA or
HXT) peak intensity divided by the sulfate peak intensity in
the GC-EI-MS measurements before and after oxidation,
respectively; “{OH] X t” is the OH exposure. Interestingly, the
decay rate constants for GTA (Figure 2A,B) and HXT (Figure
2D,E) are significantly larger when forg are smaller under both
low- and high-RH conditions. For GTA-AS particles, under
35% RH, the k for f,,, = 0.2 (1.35 X 107" cm® molecule™ s7")
is ~11 times larger than that for f,,, = 0.7 (121 x 107" ¢m?
molecule™ s7'); under 85% RH, the enhancement of k is not
as much comparing f,,, = 0.2 to 0.7, but still by a factor of ~4
(Figure 2C). Similarly, for HXT-AS particles, the enhancement
factor of k is ~7 under low-RH conditions and ~5 under high-
RH conditions (Figure 2F). The causes for these largely
different organic reactivities with varied f,,, are examined in the
discussion below.

Synergistic Role of RH, Inorganics, and Phase State
on Organic Decay. Prior work suggested that GTA-AS mixed
aerosols (1:1 molar ratio) have efflorescence RH (ERH) at
28—40% RH and HXT-AS mixed particles (1:1 molar ratio)
have ERH at ~ 47% RH.”'~>* Thus, we suggest that the
organic-inorganic mixed aerosols in the FTR under 30—35%
RH are likely efflorescent (or undergoing efflorescence).
Previous studies provided comprehensive evidence that as
the HXT-AS particles are dried to RH < 79.3%, they present
clear phase separation with AS in the core and HXT in the
outer shell>* In contrast, the phase state of mixed GTA-AS
particles is less clear. It has been reported that mixed GTA-AS
particles may not undergo a full phase separation; instead, they
would lead to spatial separation with GTA predominantly
found in the outer region of the particles (i.e., an organic-rich
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phase) during crystallization."” Our single-particle levitation
analysis suggests that as the GTA-AS mixed aerosol particles
are dried from aqueous droplets to 35% RH (and lower), the
particles experience efflorescence, consistent with prior
research.>’ ™ Also, based on the monotonic change in the
calculated size and RI and the lack of any significant changes in
the fitting error or spectral structure, there was no indication of
phase separation at higher RH (Figure SSA). Instead,
continuous changes in properties were found with decreasing
RH. This result also agrees with prior work."” As the RH was
increased from this dried state, the particles were observed to
grow, as evidenced by the increase in the voltage required to
balance the particles (Figure SSB). For crystalline particles, no
measurable growth is typically observed until the deliquescence
RH. In these mixed particles, growth indicates the presence of
an amorphous phase (most likely rich in GTA), which allows
for reversible uptake and loss of water. At the deliquescence
RH, the crystalline regions of the particle (most likely rich in
AS) dissolve and a significant increase in size is observed.
Based on these observations, we suggest that for the AS + GTA
system at low RH, the particles exist in a multiphase mixture of
amorphous organic rich material and crystalline inorganic-rich
material.

Although the phase states between the GTA-AS and HXT-
AS systems are different under low-RH conditions (i.e.,
organic-rich amorphous phase vs. phase separation), the effect
of fo, on heterogeneous OH-oxidation kinetics seems very
similar (Figure 2C vs Figure 2F). To further investigate the
aerosol phase state, we use the kinetic model to simulate the
organic decay rate constants. In these simulations, the single
tuning parameter a was adjusted to achieve the best fitted
results for all the observed k values for each mixed aerosol
system. For the low-RH conditions of the GTA-AS system, two
model scenarios are probed. The first scenario assumes that the
GTA-AS aerosols are well mixed under all the studied f,
conditions. Under this assumption, the bulk D, for f,,, = 0.2 is
predicted to be ~2 orders of magmtude larger than that for f,,,
=0.7 (2.1 X 1078 vs. 5.4 X 107" cm? s7"). The faster diffusion
in the particles leads to a small enhancement in the modeled k,
given the same « and thus the same k.4, (Figure 2C). However,
this enhancement is insufficient to explain the measurements.
The second scenario assumes that the GTA-AS aerosols are
fully phase-separated, thus exhibiting a core-shell structure with
GTA coating on the AS core. Under this assumption, D,,, in
the GTA shell does not change with f,.,, but the increased
surface-to-volume ratio with decreased f,,, could largely elevate
the oxidation rate constant, consistent with the work by Lim et
al?! In this scenario, the enhanced measurement of k with
decreased f,, is better captured by the model, except for the
forg = 0.7 condition where the phase separation model greatly
overpredicts the k (Figure 2C). Therefore, we suggest that
when GTA dominates (e.g., forg = 0. 7), the GTA-AS particles’
phase state is more likely well mixed, in which particle’s
diffusion may not be rapid enough to facilitate the material
exchanges between particle surface and interior, causing the
small k. When the inorganic fraction increases, the ERH of the
mixed system will increase'” and the particle phase state will
shift toward efflorescence, which will favor a salt-out state and
enhance the surface enrichment of organics. Thus, it is possible
that the GTA-AS particles present an amorphous state between
well-mixed and core-shell structures. This phase change is
deepened by the decreased f,,, which largely enhances k. The
amorphous phase state, unfortunately, cannot be applied in the

model because the organic/inorganic mixing ratio gradients at
different particle layers and with different f,,, are unknown.
However, it can be expected that with the phase state change,
the simulated k could be more distinct between low- and high-
forg and the simulations could agree with the measurements
better than the core-shell assumptions under all the f,,
conditions. In the case of the HXT-AS mixed aerosols, the
phase state model also better simulates the varied k under low-
RH conditions (Figure 2F).

Under 85% RH, both the GTA-AS and HXT-AS systems are
believed to exhibit a well-mixed aqueous state under all the f,,,
conditions,"”** in which the particle bulk d1ffus1on is hkely
rapid enough (D,,, on the order of 107° cm® s™") to free the
surface renewal processes. With the model that treats the
organic-inorganic aerosols as a well-mixed system, it predicts a
fairly flat k as a function of f,, (Figure 2C,F). Since the anions
of GTA (i.e., the glutarate monoanion and dlamon) react faster
with OH than GTA by a factor of two or so,** the kinetic
model considers GTA dissociation (pKal = 4.35 and pKa2 =
5.42) in the aqueous aerosols and OH reactions with the
anions. The pH of the aqueous GTA-AS aerosols under all the
forg conditions is estimated to be 2.9—3.4, suggesting that about
4—12% of GTA may dissociate into its monoanion, while
further dissociation to the dianion is negligible. However, after
implementing instantaneous GTA dissociation, the model only
has a marginal change in the simulation results and still cannot
explain the large gap in k (Figure 2C). For the HXT-AS system
where acid dissociation is irrelevant, the k variation with f, is
clearly due to other reasons.

Hence, a few possible explanations are considered, including
sulfate radical formation®>*” and oxidation®® as well as ionic
strength accelerating the heterogenous OH oxidation.” To
examine these possibilities, two additional 85%-RH experi-
ments with GTA and mixed AS and ACl were performed, in
which the f,,, were controlled at 0.2 and 0.6, while the AS mass
fraction was maintained constant at 0.2. As shown in Figure
2C, the two GTA + AS/ACI experiments exhibit similar GTA
oxidation kinetics as the GTA + AS experiments, ruling out a
unique role of sulfate promoting the heterogeneous oxidation
kinetics. Moreover, the ionic strengths (I) of the two GTA +
AS/ACI systems are similar (ie,I=42Mand 34 M forf
0.2 and 0.6, respectively) and both lower than those in the
GTA + AS experiments (4.1—8.5 M). This suggests that ionic
strength is not the main reason for the distinct k with different
forg Thus, a more plausible explanation comes from the surface
propensity of organics, as evidenced by previous studies
measuring the decreased surface tension of aqueous GTA
aerosol particles.”” At low forg and high inorganic concen-
trations, which enhance the salting—out effect, more of the
organic molecules will be present at the aqueous aerosol
surface than a simple compositional mixing rule would
indicate. This leads to a surface enrichment of organic
molecules under all the experiment conditions explored in
this study, even in the absence of a definitive liquid-liquid
phase separation. With the high surface-to-volume ratios and
rapid diffusion, this process allows for more efficient organic
oxidation at the aerosol surface under lower f,,. The surface
propensity of the organics also increases the likelihood of the
adsorbed OH to collide and react with the interfacial organic
molecules before desorption. In general, if a colliding OH
molecule does not find an organic molecule to react at the
particle surface, it is likely to desorb and evaporate, considering
its very short lifetime on aqueous surfaces.’’ These results
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Figure 3. (A) Intensity ratios of the total hydroxyglutaric acids to total ketoglutaric acids compared between the high- and low-RH conditions
(Ryet /d,y) as a function of fo. (B) Ratios of the total C,—C, diacid yields between the high- and low-RH conditions (Y, /dry) as a function of f,.
Error bars represent the standard deviations of the measurements, and model simulations (colored dashed lines) are compared with the

measurements.

underscore that for organic-inorganic mixed aerosols, the
complex coupling of RH, phase state, and organic/inorganic
fractions may largely impact the kinetics of heterogeneous
oxidation under both low- and high-RH conditions. This also
indicates that kinetic measurements from pure organic
heterogeneous oxidation experiments may not be directly
appliable to atmospheric aerosols, as they are often mixtures of
organics and inorganics.

Reaction Pathways and Aerosol Composition Af-
fected by RH and Phase State. As shown in Figure 1, the
heterogeneous oxidation of organic particles by OH is initiated
by abstraction of a hydrogen atom to produce an alkyl
radical.”** The alkyl radical then quickly reacts with oxygen to
form RO,. This hydrogen abstraction by OH can occur at
different available C—H sites on the organic particles, which is
evidenced by the isomers in the oxidation products. RO, can
undergo self-reactions to form a ketone and an alcohol
oxidation product via the Russell mechanism® and can also
form RO. The RO may abstract a hydrogen atom from a
neighboring organic molecule to form an alcohol, propagating
free-radical cycling pathways. Alternatively, the RO may
fragment by f-scission to form smaller products. Here, the
oxidation of mixed GTA-AS particles is used as an example to
demonstrate the dynamic RO pathways. As the GC-EI-MS
chromatogram shown in Figure S6Aindicates, in addition to
the two dominant peaks corresponding to sulfate (retention
time, RT ~ 11.5 min) and GTA (RT ~ 19.1 min), many peaks
are present as the oxidation products. The main functionaliza-
tion products are the hydroxyglutaric acid isomers (RT =
23.9-24.1 min), the ketoglutaric acid isomers (RT = 24.7—
25.1 min), and a few second-generation products (RT = 25.5—
35 min). The main fragmentation products formed from RO
cleavage detected by the GC-EI-MS are small diacids,
including oxalic acid (RT ~ 10.7 min), malonic acid (RT =
12.6 min), and succinic acid (RT = 16.0 min). Their detailed
formation pathways can be found in Figure S7.

To gain further insights into the effects of the inorganic salts
and RH on the reaction pathways, we explored the main
functionalization products and fragmentation products under
the studied RH and f,, conditions. In Figure 34, the intensity
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ratios of the total hydroxyglutaric acids to total ketoglutaric
acids (R) are compared between the high- and low-RH
conditions under all the studied f,,,, termed as Ry./4,- Under
each RH-f,,, experiment, the variation of R is relatively small
compared to that between different experiments. From Figure
3A, the R4y appears to increase with f,, but is always
smaller than 1 under the studied conditions, suggesting that
the high-RH conditions lead to lower R than the low-RH
conditions overall. As shown in Figure 1, both hydroxyglutaric
acids and ketoglutaric acids can be formed from the Russell
mechanism at a 1:1 ratio, while hydroxyglutaric acids may also
be formed from the reactions of GTA-derived RO with another
organic molecule (i.e., the chain propagation chemistry).
Hence, the decreasing R,.;/qr, under lower f,., suggests that the
RO-mediated chain propagation chemistry is inhibited due to
the dilution of organics by both particle water and inorganic
salts in the mixed aerosols (see Figure S3).

In comparison to the results for the functionalization
products, the fragmentation products measured by the GC-
EI-MS (i.e., the C,—C, diacids) exhibit the opposite trend with
enhanced formation under high-RH conditions. Figure 3B
presents the ratios of the total C,—C, diacid yields between the
high- and low-RH conditions under all the studied g, termed
as Yy/ary- Here, the total C,—C, diacid yields are estimated by
the total mass of C,—C, diacids over reacted GTA mass, all
quantified with authentic standards. As shown in Figure 3B,
Yyet/dry under all the studied f,,, conditions is higher than 1,
suggesting that RO fragmentation is enhanced under high-RH
conditions overall. Further, Y,./q,, exhibits a decreasing trend
with increased f,, (in opposition to Riet/ary in Figure 3A),
suggesting that the dilution of organics by particle water and
inorganic salts in the mixed aerosols favors RO decomposition
by a factor of 3 to 4. In addition, the auxiliary IMS-TOF
measurements also show that the relative intensities of major
fragmentation products do not vary significantly between
different RH and f,,, conditions (Figure $8), indicating that
the differences shown in Figure 3B are representative of all the
fragmentation products. Therefore, the findings presented in
Figure 3 suggest that the competing pathways of RO
undergoing the secondary chain chemistry versus fragmenta-
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Figure 4. Estimated organic aerosol oxidation lifetime versus forg at different locations. The compositional data are from the aerosol mass
spectrometer measurements from the work by Jimenez et al." for nonrefractive submicron particles. Each dot or pentagram represents a location,
and the color indicates the type of sampling location: urban areas (black), <100 miles downwind of major cities (yellow-green), and rural/remote
areas >100 miles downwind (cyan). The pie charts show the compositional contributions to total aerosols for three representative locations. The

dashed lines trace the experimental results in this work.

tion are greatly impacted by the presence of inorganic material
and particle water. Under high-RH conditions, inorganic
materials more prominently absorb water, which largely
reduces organic concentrations in the particles and increases
organic distance in the nanoscale. For instance, with RH = 85%
and f,,, = 0.2, GTA only makes ~6.6% (volume fraction) in the
partlcles and the rest are AS and water (Figure S3). The
addition of water further separates the neighboring organic
molecules and inhibits the secondary chemistry (bimolecular
reactions), while the RO unimolecular decomposition is
unaffected and thus favored under these conditions. This
transition in reaction pathways is deepened by decreased f,,
which leads to more water absorption and greater dilution of
organics in the particle phase.

The model simulations exhibit consistent trends with the
measurements shown in Figure 3. Here, the low-RH condition
model assumes phase separation of GTA-AS aerosols with the
same model setup, as shown in Figure 2C, whereas the high-
RH condition model uses varied a values at different f,, to
match GTA oxidation kinetics. The resultant simulated R,¢/a.y
and Y, /qyy reasonably agree with the measurements within
uncertainty, suggesting that the proposed explanation of the
reduced formation of hydroxyglutaric acids and enhanced RO
fragmentation products under high RH and low f,,, is plausible.
The products from HXT oxidation are not as comprehensively
characterized as for GTA due to the multiple —OH groups
complicating the EI mass spectral interpretation. Nevertheless,
a product that is clearly identified from HXT oxidation under
forg = 0.5 and 0.7 is S-hydroxypentanoic acid (see Figure S6B
for the representative GC-EI-MS chromatogram), which is
expected to form from hydrogen abstraction on the tertiary
carbon of HXT followed by the tertiary RO decomposition
(see the mechanism in Figure S9). The formation yields of this
major fragmentation product show very similar behavior to
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those for the GTA fragmentation products (Figure S9),
suggesting that the impact of inorganic salts and the associated

particle water on RO pathways is a common effect, rather than
only for GTA.

B ATMOSPHERIC IMPLICATIONS

To further examine the impacts of the presence of inorganic
salts on the organic aerosol decay against heterogeneous OH
oxidation for atmospheric particles, we applied our exper-
imental kinetic results to the aerosol bulk compositional
datasets collected at different locations around the world in the
past decades by aerosol mass spectrometers.”'® For each
location, the compositions are categorized into inorganics and
organics. The organics can be further divided into hydro-
carbon-like organic aerosol (HOA), semivolatile oxygenated
organic aerosol (SV-OOA), and low-volatile oxygenated
organic aerosol (LV-OOA). forg at these locations varied
from 0.2 to 0.7, which are within our experimental conditions.
Based on the O/C ratios, we use GTA as a surrogate for the
LV-OOA and HXT for the SV-OOA. For the HOA, we adopt
the squalane kinetic data from previous research.”’ The
corresponding f,,,-dependent second-order rate constants k
were also applied to approximate oxidation kinetics of HOA,
SV-OO0A, and LV-OOA. It is well understood that this is a
highly simplified approach and atmospheric organic aerosols
are much more complex with possibly a wide range of
oxidation kinetics for each of these categories. However, we
expect that the phase state behavior of species under HOA,
SV-OO0A, and LV-OOA is likely similar to that of squalane,
HXT, and GTA. Thus, we suggest that the relative variations of
their oxidation kinetics with f,,, and RH can be compared. For
SV-OO0A and LV-OOA, we also use the RH-dependent kinetic
results from this work; for HOA, we expect that RH plays a
small role in their oxidation kinetics. Thus, the overall
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oxidation rate constant k for the bulk organics can then be
calculated from the mass-weighted mean of all these
components. From the calculated k, the organic lifetime 7
(1/k[OH]) can also be obtained assuming an average [OH]
concentration of 2 X 10° molecules cm™>.%" The results of the
organic lifetime for different compositions under low-RH
conditions are shown in Figure 4 and under high-RH
conditions in Figure S$10. It should be noted that in this
simplified approximation, internal mixing among HOA, SV-
OOA, and LV-OOA is assumed, while some laboratory and
field studies have shown that HOA do not always mix with
OO0A.%*® Nevertheless, combining the results from this work
and that of Lim et al,”' it appears that higher inorganic
fractions accelerate organic aerosol oxidation to similar extents
regardless of whether they are mixed or not. However, future
studies are warranted to examine ternary systems (i.e, HOA-
OOA:-inorganics).

As presented in Figure 4, the lifetime of organics could be
shortened dramatically when mixed with higher fractions of
inorganic salts. For example, at Okinawa, Japan, organics
account for about only 21% of the total fine aerosol mass and
the organic lifetime is ~3 days. On the contrary, at the location
of Hyytiala, Finland, the organic mass accounts for about 58%
and the organic lifetime is ~12 days. The organic lifetime in
organic-rich areas can be four times longer than that in
inorganic-rich areas. This f..,-dependent trend is consistent for
similar locations (i.e., urban, urban downwind, or remote). A
similar enhanced organic decay caused by inorganic salts is
present under both low-RH (Figure 4) and high-RH
conditions (Figure S10). This comparison underscores the
importance of inorganic salts on the estimation of the
atmospheric organic lifetime against heterogeneous OH
oxidation, and the kinetic studies using pure organic materials
will lead to longer lifetimes of organic aerosol in the
atmosphere. Based on the results of this work, we also expect
similar effects on organic aerosol oxidation timescale under RH
in the studied range (ie, 30—80%) and in the presence of
other inorganic salts (e.g, nitrate). Nevertheless, future studies
are needed to prove this hypothesis.

In addition to the organic oxidation kinetics, analysis of the
experimental oxidation products also reveals that the dilution
effect caused by the increased inorganic fraction and
corresponding enhanced water uptake under high-RH
conditions will inhibit secondary chemistry driven by RO
and promote the RO decomposition pathway to form more
volatile fragmentation Gproducts, which will result in a larger
degree of evaporation.”® Thus, the gas-particle distribution of
organics will also be largely impacted.
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