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ABSTRACT: The impact of Gobi Desert dust (GDD) particles
on the secondary organic aerosol (SOA) formation was studied
to understand the photooxidation of volatile organic compounds,
namely, toluene, 1,3,5-trimethylbenzene, and gasoline vapor, in
the presence of NO, using a large outdoor photochemical smog
chamber under natural sunlight. SOA yields of all three
precursors were found to significantly increase in the presence
of GDD particles. The mechanistic role of mineral dust in SOA
growth changed with the dust-phase water content. In the
presence of dry dust, the formation of carboxylate salts increased
SOA growth, but it was limited by the dust’s buffering capacity
associated with the quantity of alkaline carbonates that react with
carboxylic acids. In the presence of wet GDD particles, the
pathway via aqueous reactions of oxygenated organic products

NO, partitionipg
VOC + -OH — SVOC

RCOOH+CaCO;-> Ca(RCOO);
SOA growth
SVOC -> Oligomeric products

Dust particle

Water layer

enhanced SOA growth. Nitric acid absorbed on wet GDD particles suppressed gas-dust partitioning of weakly acidic carboxylic
acids. The formation of alkaline carboxylates was also supported by Fourier transform infrared spectroscopy of the SOA formed
in the presence of dry GDD. The partitioned SOA products can be further oxidized by dust-phase OH radicals generated by
photoactivation of semiconducting metal oxides (i.e., TiO,). This heterogeneous oxidation of SOA products was observed by
studying the degradation of a surrogate compound, benzoate, in the presence of GDD under ambient sunlight. In typical urban
atmospheres (high NO, levels) with relative humidity higher than 40%, authentic dust can be easily nitrated, elevating dust’s

hygroscopicity and significantly increasing SOA growth potential.
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1. INTRODUCTION

Mineral dust from desert and semidesert regions is frequently
introduced into the atmosphere by strong wind and is known
as the most abundant aerosol in the atmosphere, ranging from
1000 to 3000 Tg annually."”” These dust particles undergo
long-range trans?ort, that is, from Central Asia to Western
North America.” When dust plumes pass through polluted
urban regions, the dust particles provide surfaces to uptake
trace gases, such as SO,, NO,, ozone, and volatile organic
compounds (VOCs).

Most studies have focused on the heter0¥eneous uptake of
inorganic trace gases on dust particles,"”'" and few studies
have attempted to investigate the uptake of VOCs on mineral
dust particles."*”"” Some VOCs can undergo photooxidation
in the atmosphere and produce semi-VOCs (SVOCs). SVOCs
play an important role in secondary organic aerosol (SOA)
formation, which is a magor contributor to the organic carbon
budget on a global scale™”™** and in the urban atmosphere.”*
To date, the impact of authentic dust particles on SOA growth
has been poorly studied. Several field studies®*® reported a
significant increase of carboxylic acids during the dust event
(spring of 2009, 2011, and 2013) in the urban center of Xi'an,
China. The long-range transport of the Asian alkaline dust
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carried with carboxylic acids was also observed by Mochizuki
et al.”” at the Murodo-Daira snowfield, Japan, in 2009 and
2001. However, the mechanistic role of the mineral dust in
SOA growth is uncertain under typical polluted urban
environments.

Unlike pure metal oxides, authentic mineral dust particles
contain a variety of metal oxides and inorganic salts.”® The
semiconducting metal oxides (i.e, TiO, and Fe,O;) in dust
particles are able to photochemically generate OH radicals'’
and further influence on heterogeneous reactions of organic
species and modulate SOA growth. The inorganic salts in
authentic dust particles, that is, calcium nitrate, are hygroscopic
and can absorb water on dust under the ambient conditions
with relative humidity (RH) ranging from 15 to 80%.277%*
Numerous studies reported the enhancement of the SOA mass
in the presence of aerosol water content because of the
promotion of heterogeneous reactions of reactive oxygenated
products.®* ™ Therefore, with adequate water content in
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Table 1. Outdoor Chamber Experimental Conditions for SOA Formation and SOA Growth

seed seed mass VOC initial
no. date” voc? type” (ug m~)? (ppr)d
1 03/02/18-E toluene dGDD 898 1386
2 03/02/18-W  toluene no seed NAS 1449
3 02/25/19-E gasoline  no seed N.AS 1862
4 02/25/19-W gasoline  dGDD 402 1883
S 06/16/19-E TMB dGDD 376 1701
6  06/16/19W  TMB no seed N.AS 1638
7 06/24/19-E TMB dSilica 209 1647
8  06/24/19W  TMB no seed N.AS 1746
9 06/14/19-E TMB dGDD 409 1647
10 06/14/19-W TMB wGDD 434 1593
11 09/13/18-E TMB dAS 39 801
12 09/13/18-W TMB dGDD 452 855
13 11/17/18-E TMB wGDD 496 918
14 11/17/18-W TMB wAS 242 909

““E” and “W” denote the east and west sides of the outdoor chamber. *VOCs” represent volatile organic compounds.

NO/NO, VOC/NO,, RH

(ppb/ppb)” (ppbC ppb™") Temp. (K)? (%) comments

130° 10.7 297.4-311.5 21-39  Figures 1, 3,
and 4

128°¢ 113 293.9-310.4 26—40  Figures 1, 3,
and 4

86/123 8.9 290.4—-305.3 15—-32  Figures 1, 3,
and 4

75/139 8.8 287.7—305.6 18—41  Figures 1, 3,
and 4

66/116 9.4 308.7—319.7 14-32  Figures 1, 3,
and 4

62/122 8.9 305.7-319.4 22—-3S  Figures 1, 3,
and 4

66/116 9.1 309.1-320.5 13-28  Figures 1, 3,
and 4

62/122 9.5 305.9-317.2 22—-31  Figures 1, 3,
and 4
76/108 8.9 310.8—318.8 15-23  Figure 6
73/107 8.8 307.5-316.5 49—71  Figure 6
35/67 8.0 310.9—325.1 11-21  Figure 6
30/68 8.9 307.6—322.8 18—31  Figure 6
26/67 10.0 283.9—-307.3 40—66  Figure 6
24/69 9.9 281.9-307.0 47-78  Figure 6

“TMB” represents 1,3,5-

trimethylbenzene. “dGDD” and “wGDD” denote GDD particles under the dry (RH < 40%) and the wet (RH > 40%) experimental conditions,
respectively. “dAS” and “wAS” denote AS seeds under the dry (RH < ERH < 40%) and the wet conditions (RH > ERH > 40%), respectively.
“dSilica” represents the silica particles under the dry conditions (RH < 40%). “The errors associated with the concentration of VOCs, NO,, and
seed mass were +10, 6.5, and +6%, respectively, according to the measurement uncertainty. The errors of temperature (Temp.) and RH were
+0.5 K and £5%, respectively. “Gaseous nitrous acid (HONO) was used for Exps. 1 and 2 to accelerate the photooxidation of toluene. HOHO was
generated by the reaction of 0.1 M NaNO, and 1 M H,SO, using a three-way flask with clean air passing through. The concentration of HONO
was estimated by the difference of NO, concentration with and without a base denuder (coated with 1% Na,COj and 1% sugar).* IN.A.: not

applicable.

authentic mineral dust particles, the impact of dust
hygroscopicity on SOA growth needs to be investigated.

In the current work, we explore the impact of dust particles
[Gobi Desert dust (GDD) particles] on the photooxidation of
three VOC precursors (toluene, 1,3,5-trimethylbenzene
(TMB), and gasoline vapor) in the presence of NO, using
an outdoor chamber. Aromatic hydrocarbons (HCs) and
gasoline were chosen to mimic the urban environments. The
changes in aerosol composition due to the atmospheric
processes were also characterized using Fourier transform
infrared spectroscopy (FTIR) and a particle-into-liquid
sampler combined with ion chromatography (PILS-IC).
Benzoic acid and sodium benzoate-coated GDD samples
were chosen as the surrogate compounds to investigate the
heterogeneous photocatalytic oxidation of organic products on
GDD surfaces. The photodegradation of benzoate in the
benzoate-coated GDD samples under sunlight was measured
using gas chromatography—mass spectrometry (GC—MS). To
understand the role of dust hygroscopicity in SOA growth,
TMB was photooxidized in the presence of GDD particles
under the dry (RH: 20—40%) or the wet conditions (RH: 40—
80%). In addition, the environmental implications of these
results are discussed.

2. MATERIALS AND METHODS

2.1. Dust Samples and Chemicals. The GDD particles
used in this study were collected from the surface of desert in
Tsogt-Ovoo soum in the Omnogovi Province, Mongolia,
between March and May 201S. The collected dust samples
were sieved to less than 20 ym. The elemental fractions of
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these GDD samples were previously reported by Park et al.”®
(also see Figure S1). The Brunauer—Emmett—Teller (BET)
surface area of GDD particles is estimated to be 40 + 2 m> g~".
The buffering capacity of GDD particles is the capacity to
buffer acid, which was estimated to be 3.2 X 10~* ymol per ug
by Yu and Jang’' For outdoor chamber experiments,
amorphous silica particles and aerosolized ammonium sulfate
(AS) particles were used. The silica particles (NanoCym Inc.,
USA) are polydisperse particles with a mean diameter of 500
nm and a BET surface area of 5.9 + 0.3 m®> g™". The AS seeds
were directly aerosolized from AS solution (0.05 mol L™*)
using a constant output atomizer. Three types of SOA
precursors, TMB (Sigma-Aldrich, 98%), toluene (ACROS,
99.5%), and gasoline vapor (#93, purchased from BP. Inc. at
Gainesville, Florida on May 3, 2018), were used. The gasoline
has an average density of 0.75 g mL™' and an average
molecular weight of 114 g mol™". The composition of gasoline
vapor was estimated using a GC-flame ionization detector
(GC-FID; HP 5890) as shown in Table S1. For the outdoor
chamber experiments, NO, (NO/NO, ~ 0.5) was directly
injected into the chamber. NO, was used to accelerate the
formation of nitric acid. To study the photooxidation of
organic products on dust, GDD particles were coated by the
surrogate organic compounds, benzoic acid (Sigma-Aldrich;
>99.5%) or sodium benzoate (Sigma-Aldrich; >99%). The
organic compound-coated GDD samples were then exposed to
sunlight in the ambient conditions. The detailed preparation of
the pre-coated GDD samples is described in Section S1.

2.2. Outdoor Chamber Experiments. SOA was
produced from three different types of precursors (TMB,
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toluene, and gasoline vapor) using the Atmospheric PHoto-
chemical Outdoor Reactor (UF-APHOR) dual chamber (52
m? each) located at the University of Florida. The operation of
the large outdoor smog chamber has been described
previously®'?’ 73 (also see Section S2). VOCs were
evaporated into the chamber by a syringe with heating. Non-
reactive CCl, (400 ppb) was used as the chamber dilution
indicator. The concentration of the gas-phase VOC was
monitored by GC-FID. The concentrations of ozone and NO,,
were measured by a photometric ozone analyzer (model 400E,
Teledyne) and a chemiluminescence NO/NO, analyzer
(model T201, Teledyne), respectively. The inorganic ion
concentrations were measured using a PILS-IC (Applikon,
ADISO 2081; Compact IC 761, Metrohm). The particle size
distribution was monitored by the combination of a SMPS
(SMPS 3080, TSI) and an optical particle sizer (OPS 330,
TSI) via the Multi-Instrument Manager software (MIM2,
TSI). The organic carbon concentration was monitored using
an organic carbon/elemental carbon aerosol analyzer (OC/EC
model 4, Sunset Laboratory Inc.) for every SO min. The
concentration of organic matter (OM, yg m™>) was calculated
based on OC concentration and an OM to OC ratio. The
averaged OM to OC ratios of SOA generated from toluene,
TMB, and gasoline vapor are assumed to be 1.7, 1.9, and 1.6,
respectively.*’~* The OM concentration was corrected by the
particle loss to the chamber wall using a particle loss factor.
The loss factor was measured for each size bin using AS seeds
and fresh GDD particles. The SOA yield was then calculated as
the maximum OM concentration divided by the consumption
of VOCs. The consumption of gasoline was estimated based
on the reaction rate constants of aromatic VOCs with OH
radicals in the gas phase (Table S1) and the measured toluene
concentration during the experiments (Figure S2). The
meteorological variables, that is, temperature, RH, sunlight
intensity, and sunlight spectrum, were monitored on both
inside and outside the chamber using a hygrometer (CR1000
Measurement and Control System, Campbell Scientific), a
fibro-optical portable spectrometer (EPP2000, Stellar Net Inc.,
USA), and an ultraviolet radiometer (TUVR, Eppley
Laboratory Inc.), respectively. The details of the outdoor
chamber experiments are summarized in Table 1. The
consumption of VOCs (Figure S2), the concentration of
ozone and NO, (Figure S3), and the time profiles of
environmental variables (Figure S4) can be found in the
Supporting Information. An example of particle size distribu-
tions for aerosols with and without GDD particles is shown in
Figure SS. For both GDD-seeded and SiO,-seeded experi-
ments, the formation of new particles was not observed,
suggesting that the condensation of organic products on the
preexisting seeds led to SOA growth.

For the toluene and gasoline experiments (Exps. 1—4 in
Table 1), the SOA composition was measured using FTIR
(Nicolet Magma 560, Madison, WI, USA). SOA-coated GDD
was collected by impacting a silicon FTIR window (13 X 2
mm, Sigma-Aldrich, St Louis, MO, USA). The samples were
collected for a duration of 120 min started at 12 pm of each
experiment. After the sampling, the collected samples were
immediately analyzed using FTIR by recording the spectra
from 800 to 4000 cm™" with purging of dry clean air at RH <
5%. The mass of silicon FTIR window was measured using an
analytical balance before and after the impaction. The samples
were measured for three data points by rotation of the silicon
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window and averaged. The detailed peak assignments for the
functional groups are described in Table S2.

2.3. Characterization of Photooxidation of Organic
Compounds in Dust Particles. To test the photocatalytic
degradation of organic compounds on dust, benzoic acid and
sodium benzoate were chosen as surrogate compounds. The
benzoic acid-coated GDD particle (GDD-BZA) and sodium
benzoate-coated GDD particle (GDD-sodium benzoate) were
exposed to sunlight for 2, 4, 6, and 8 h in the open-air
environment. The pretreatment of these samples is illustrated
in Section S1 in the Supporting Information. After the
experiments, the samples were extracted by acetone (Fisher
Chemical; >99.5%) and then derived using pentafluorobenzyl
bromide (PFBBr, Sigma-Aldrich >99%) and measured using
GC—MS (Varian 3800/2000 GC/MS, Palo Alto, USA) in the
electron impact (EI) mode. For control, pure sodium benzoate
(Sigma-Aldrich; >99%) was tested with the same procedure.
The photocatalytic experiments were performed in three
duplicates. The details of the PFBBr derivation procedure were
reported in the previous studies.*”** In brief, 10 uL of PFBBr
reagent (34.56 pug uL™' in acetonitrile) and 10 mg of
potassium carbonate powder were added to the sample vials.
The samples were then kept at 50 °C for 24 h before analysis.
Ten microliters of internal standard (0.0237 pg uL™' de-
naphthalene, 0.027 ug uL~" d|s-anthracene in toluene, 1.836
ug uL™" heptanoic acid in acetonitrile) and 10 uL of recovery
standard (0.012 ug uL™' decafluorobiphenyl in methylene
dichloride) were added to the sample vials before analysis. An
averaged recovery higher than 80% was observed. For
quantification, an external calibration was conducted for
benzoic acid and sodium benzoate using GC—MS under the
same procedure.

2.4. Dust Water Content. The aerosol water content plays
an import role in the formation of SOA because the
partitioning of the polar SOA products increases with
increasing liquid water content and further enhances the
aqueous-phase reactions.””*®*” Thermodynamic models, such
as E-AIM I1"*7°° and ISORROPIA,*"** provide a solution to
the prediction of the aqueous-phase water content (i.e, AS
aerosol) but may not be applicable for the dust particles
because of the complexity in heterogeneous reactions. GDD
particles, which consist of metal oxides and inorganic salts, are
usually coated with a multilayer of water under the typical
ambient RH ranging from 20 to 80%.””">* Gobi dust particles
are enriched in carbonates (i.e., calcite), which are able to
buffer the acidic trace gases and lead to hygroscopic salts (i.e.,
calcium nitrate and sodium nitrate). These hydrophilic salts in
dust particles can be hydrated at the relative low RH
environment.”*~° It has been previously reported by Yu and
Jang®' that the hygroscopicity of dust particles is greatly
modified by the photochemical aging in the presence of NO,.
The water content in GDD particles can be estimated by a
semiempirical additive equation as follows

E

water

= 0.03(e**™ — 1) + 1.4 "™ NO; Iy (1)
water (1 #g™") is the water mass normalized by dry
dust mass, RH is the relative humidity (0.2—0.8), and
[NO; Jaug is the concentration of nitrate (ug ug™') in the
dust. The value of [NO; ]y is limited to the reactive
carbonate content on the surface of dust particles. The impact
of the organic coating on dust hygroscopicity is not considered
in eq 1.

where F,
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3. RESULTS AND DISCUSSION

3.1. Formation of SOA in the Presence of Airborne
GDD Particles. To understand the role of mineral dust in
SOA growth, three VOC precursors (toluene, TMB, and
gasoline vapor) were photooxidized in the presence of NO,
and GDD particles under dry conditions (RH < 40%) using
the outdoor smog chamber. Figure 1 compares the maximum
SOA yields in the presence and absence of mineral particles.
The time profiles of OM concentrations are shown in Figure
Sé.
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Figure 1. Yields of SOA formed from three different precursors under
the dry conditions (RH < 40%): toluene (03/02/2018), gasoline (02/
25/2019), TMB (06/16/2019), and TMB (06/24/2019). The
experiments were conducted in (A) with and without GDD particles
and (B) with and without dry silica particles. The errors associated
with the SOA yield were estimated from the uncertainties of organic
mass and the consumption of precursors by the propagation of the
uncertainty. The results were corrected for the particle loss to the
chamber wall as described in Section 2.2. The time profile of the OM
concentration is shown in Figure S6.

As seen in Figure 1A, the SOA yields in the presence of
GDD particles are significantly higher than that in the absence
of GDD particles. Under this circumstance, gas-particle
partitioning of oxygenated products on dust particles is
processed in the absorption mode (multilayer of water
molecular on GDD particles), and the impact of the surface
area of dust particles on SOA growth is insignificant. The
similar tendency was also reported in SOA growth in the
presence of the dry AS seed aerosol.””*® To investigate the

influence of surface area on SOA formation and growth, the
SOA yield of TMB in the presence of silica particles was
compared with that without seeds. Evidently, no difference in
SOA yields appears between TMB SOA with silica particles
and that without silica particles (Figure 1B).

In addition, the authentic mineral dust particles, such as
GDD, contain a variety of metal oxides and inorganic salts.”®
Specifically, semiconductive metal oxides in dust particles can
photocatalytically oxidize organic products on dust particles.
Hygroscopic inorganic slats absorb water vapor and promote
heterogeneous reactions of reactive oxygenated products, such
as aldehydes, to form oligomeric products.”*~** For heteroge-
neous chemistry of organic products on dust particles, we
propose three reaction mechanisms: (1) the formation of
carboxylate salts by the reaction of alkaline carbonates with
carboxylic acids (Section 3.2);"°%%° (2) the photooxidation of
the SVOC products partitioned on dust particles, leading to
both highly oxidized multifunctional (HOM) comg)ounds and
intermediate VOCs (IVOCs) (Section 3.3);12’ "and (3)
heterogeneous reactions of oxygenated products in dust-phase
water layers (Section 3.5).3 -3 Figure 2 summarizes the
mechanistic role of mineral dust in SOA growth.

3.2. Formation of Nitrate and Carboxylates on Dust
Particles. Nitric acid is known to quickly form on dust
surfaces or through the photochemical reaction of NO, in the
gas phase.””®> As shown in Figure 3, the mass fraction of
nitrate on dust particles rapidly increases in the morning. It has
been previously reported that high water contents on dust
particles enhance the uptake of NO,.'>** Typically, RH is high
in the morning and nitric acid formation is rapid immediately
after sunrise. As alkaline carbonates (i.e.,, CaCO; and Na,CO5)
are the major constituents in authentic mineral dust
particles,”> ™" these carbonates can quickly react with nitric
acid on GDD particles to form nitrate salts as follows.

CaCO; + 2HNO; — Ca(NO;), + H,0 + CO,1 (2)

For all the experiments in Figure 3, nitrates reach to the
maximum concentrations after 3 h from the beginning of the
experiments and are gradually despleted. It has been previously
reported by Wang and Laskin® that the nitrate in calcium
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Figure 2. Reaction mechanisms for the heterogeneous formation of oxygenated organic products on the surface of GDD particles in the presence of
NO, under sunlight. “SVOC”, “IVOC”, and “HOM” represent SVOC, IVOC, and HOM compound, respectively. The volatility of SVOC is
assumed to be higher than that of the HOM compound but lower than that of IVOC.

2407

DOI: 10.1021/acsearthspacechem.9b00195
ACS Earth Space Chem. 2019, 3, 2404-2414



ACS Earth and Space Chemistry

—— Prediction ...A- dry GDD
0.02
Toluene A

0.015 1 03/02/18

0.01 A
=~ 0.005 4 A
S
w0 0 A
% 0.02 4 Gasoline B
é 0015 4 02/25/19
+ 0.01
3
Q00051 A e
g —_—
o =
Z o004 { VB C
= 06/16/19

0.03 A Ah

0.02 - el Ay

0.01 A A

0 : .
6 10 14 18

Local time (EST)

Figure 3. Time profiles of observed nitrate concentration in the
presence of dry GDD particles for (A) toluene (03/02/18), (B)
gasoline vapor (02/25/19), and (C) TMB (06/16/19). The errors
associated with nitrate concentration were estimated from the
uncertainty of measurement. The solid line represents the
concentration of nitrate that was predicted using the AMAR model.

nitrate can react with the water-soluble organic acid and release
gaseous nitric acid. The formed nitrate salts in dust particles as
described in eq 2 (i.e., Ca(NO;), and NaNOj;) can experience
acid displacement that nitrate is substituted by the relatively
less volatile organic acid driven by the evaporation of nitric
acid.

Ca(NO,), + 2RC(O)OH = Ca(RC(0)0), + 2HNO,
()
The formation of nitrate salts and carboxylates is limited to
the buffering capacity of GDD particles (3.2 X 10™* umol

ug™").*" Thus, nitric acid competes with carboxylic acid to
react with the limited amount of carbonates on dust surfaces.

Under the dry conditions, nitrates on dust surfaces are
gradually depleted by carboxylic acids produced during
photochemical reactions of VOCs.

It is to be noted that the partitioned nitric acid on dust is
impacted by the dust-phase water content because of its high
water solubility (the Henry’s law constant of nitrate acid > 10°
mol m™ Pa™!).* To study the depletion of nitrate on dust
particles, three chamber experiments in Figure 3 were
simulated for the nitrate concentration using the Atmospheric
Mineral Aerosol Reaction (AMAR) model* The AMAR
model was recently derived to capture the heterogeneous
formation of sulfate and nitrate in the presence of mineral dust
particles. To simulate the photooxidation of VOCs in the gas
phase, the carbon bond mechanism (CB6)®” was employed. In
this study, the AMAR model was performed using a chemistry
box model platform, the Dynamically Simple Model for
Atmospheric Chemical Complexity (DSMACC).”® As shown
in Figure 3, the gap of the nitrate concentration between
model prediction and observation is attributed to the nitrate
depletion by forming carboxylates because the AMAR model is
incapable of processing heterogeneous reactions of organic
compounds on dust particles.

Figure 4 shows FTIR spectra (800—4000 cm™') of SOA
formed from the photooxidation of toluene or gasoline vapor
in the presence of GDD particles. The FTIR data also support
the depletion of carbonate and nitrate from GDD particles by
forming carboxylate salts. As seen in the FTIR spectrum of
fresh GDD particles (Figure S7A), the carbonate peak appears
at 1450 cm™" and the Si—O—Si peak of GDD particles at 1040
cm™'. Figure S7B shows the FTIR spectrum of pure calcium
nitrate (tetrahydrate): nitrate peak at 1380 cm™'. For all the
spectra in Figure 4, the water content in particles is very little
(negligible) because the FTIR spectra were measured under
the dry condition by purging the spectrometer with the dry
tank air (RH < 5%). Figure 4A,B shows the spectra of toluene
SOA solely and toluene-SOA-coated GDD particles, respec-
tively. In Figure 4A, a strong and broad O—H stretching
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Figure 4. FTIR spectra (800—4000 cm™) of (A) toluene SOA (03/02/18), (B) toluene-SOA coated on dry GDD particles (03/02/18), (C)
gasoline SOA (02/25/19), and (D) gasoline-SOA coated on dry GDD particles (02/25/19). The spectra were averaged for three measurements.

The peak assignments of functional groups are listed in Table S2.
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Figure S. Time profiles of the benzoate concentration (M,) normalized by initial concentration (M,) on (A) GDD-BZA under sunlight (from 9 am
to S pm on Dec §, 2018) and dark; (B) GDD-sodium benzoate under sunlight (from 9 am to 5 pm on Dec 12, 2018) and dark; and (C) pure
sodium benzoate under sunlight (from 9 am to S pm on Dec 12, 2018). The amount of benzoic acid or benzoate in (A—C) is similar (20—30 ug
per sample). The errors were obtained from the standard deviation of three replicates.

associated with alcohol appears between 2900 and 3600 cm™".
The broad O—H stretching of carboxylic acid in toluene SOA
ranges between 2400 and 3400 cm™". The peaks between 2800
and 3100 cm™' are from C—H stretching. Carbonyl bond
stretching (carboxylic acid and ketone) appears between 1700
and 1740 cm™%. In general, carbonyls from multifunctional
aldehydes, which are reactive and polymerized in the aerosol
phase, would be little in SOA. The FTIR stretching of the
conjugated alkenes, which originate from the aromatic ring-
opening reactions, is seen at 1640 cm™'. However, the FTIR
spectrum (Figure 4B) of toluene-SOA-coated GDD is very
different from the FTIR spectrum of toluene SOA (Figure 4A).
As seen in PILS-IC data (Figure 3A), carbonate in dust was
quickly depleted by nitrate in the early morning and nitrate
was further depleted by organic carboxylic acid. Evidently,
Figure 4B shows a typical carboxylate pattern with peaks at
1620 cm™ (C=O0O stretching) and 1420 cm™' (C-O
stretching). The peak at 1420 cm™' should not originate
from carbonate, which was depleted by nitrate (Figure 3A).
Figure 4B shows no clear carbonyl peak between 1700 and
1740 cm ™, which is observed in Figure 4A, suggesting that the
carbonyl in Figure 4B is in the form of carboxylate at 1620
cm™". A similar tendency with toluene SOA (Figure 4A) and
toluene-SOA coated GDD (Figure 4B) can be found in
gasoline SOA (Figure 4C) and gasoline-SOA-coated GDD
(Figure 4D). Unlike the spectrum of toluene-SOA-coated
GDD (Figure 4B), the spectrum of gasoline-SOA-coated GDD
shows a higher nitrate peak at 1380 cm™ because of the
difference in the aerosol aging stage during the sampling and
the different reaction rates of carboxylic acids with alkaline
inorganic salts (Figure 3B). We conclude that the composition
of SOA on dust particles is very different from that of SOA
without preexisting seeds. In addition, the surface property of
dust particles can be significantly modified during the aging
process in the presence of NO, and VOC.

3.3. Photooxidation of Organic Species on Dust
Particles. Dust particles interact with organic products via
heterogeneous photocatalytic reactions. The semiconducting
metal oxides (i.e, TiO, and Fe,O;) in dust particles can be
photoactive when receiving photons (i.e., sunlight) and
generate electron and hole pairs (ey /hy,")”"7” that further
react with water or oxygen molecules to form OH radicals. To
study the photooxidation of organic products on dust, the
surrogate organic compounds, benzoic acid and sodium
benzoate, were coated on GDD particles and irradiated
under sunlight. Figure S shows the change of the concentration
of benzoate in three different samples: GDD-BZA, GDD-
sodium benzoate, and pure sodium benzoate. Figure SA,B
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clearly shows the decay of benzoate as a function of time in
both GDD-BZA and GDD-sodium benzoate samples. The
sodium benzoate in Figure SC was used as a control for the
observation in Figure SB. The reduction of benzoate in the
pure sodium benzoate samples is insignificant within errors.
The benzoate in the presence of GDD particles was
decomposed to form probably less volatile IVOC and further
off-gassing from the dust surface. The electrons and holes can
also directly react with the absorbed organic compounds, but
this reaction is minor because of the significant amount of
water or oxygen molecules compared to the organic products.
Previous laboratory studies showed that the dust-generated
surface radicals could oxidize trace gases, such as SO, and
NO,, through heterogeneous oxidation reactions.’””® In
addition, the formation of dust-driven oxidants, that is, OH
radicals, can be promoted at the higher RH’' and further
oxidize SOA products.

It has been reported that trace gases, such as SO,, are
autoxidized on the dust surface in oxygen environments.”'*”*
However, heterogeneous photooxidation is dominant under
ambient sunlight over the autoxidation of trace gases. To
ensure that the degradation of organic compounds is promoted
by the heterogenous photooxidation mechanism, both GDD-
BZA and GDD-sodium benzoate stood for 8 h under dark,
shown as the filled symbols in Figure SA,B. The reduction of
benzoate was negligible in both experiments. Hence, we
conclude that dust particles can heterogeneously oxidize
organic species when dust photoactivation is active. Similar
results were also found by Chen et al.”> in which the SOA
growth originated from m-xylene was suppressed in the
presence of TiO, particles under UV light because of the
photooxidation of oxygenated products on TiO, particles.
Alternatively, the SVOC products on dust can be oxidized by
OH radicals to form less volatile HOM compounds, resulting
in an increase of SOA yield. For example, the oxidation state
(O to C ratio) of a-pinene SOA in the presence of TiO,
particles was reported to be increased under UV irradiation,®’
which verified the oxidation of organic compounds on the dust
surface. Therefore, the effects of photocatalytic oxidation of
SVOC on the SOA yield are probably compensated by the
formation of both less volatiile HOM compounds and more
volatile IVOCs.

In addition to the photoactivation of dust, dust-phase OH
radicals can form via the heterogeneous reaction of O; and
NO,. Ozone is heterogeneously decayed on dust surfaces to
form an atomic oxygen and an oxygen molecule.”*”” This
atomic oxygen bonded on dust surfaces can yield a OH radical
by reaction with a water molecule and therefore accelerate
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heterogeneous oxidation of organic species on dust. NO, is
also found to heterogeneously convert to HONO on the dust
surface both in the dark’® and under UV light.”” HONO can
further photolysis and generate OH radicals. Therefore, the
concentration of OH radicals on dust particles can be impacted
by the concentration of ozone and NO, and further impact the
heterogeneous reactions.

3.4. Characteristic Time of Dust-Driven Photocata-
lytic Oxidation and Gas-Phase Photooxidation of SVOC.
In order to investigate the impact of dust particles on the
atmospheric pathway of organic products, the characteristic
time (Tg, 01 8) Of heterogenous photocatalytic oxidation of
SVOC was compared to that of the gas-phase oxidation of
SVOC with a OH radical (TgﬂsyOH, s). As discussed in Section
3.3, SVOC products partitioned on dust particles can be
further oxidized by forming less volatile HOM compounds as
well as more volatile IVOCs (oxidation with carbon—carbon
bond breakage). This reaction can be described as follows

SVOC, + eOH(dust) = a;HOM, + ... + B,IVOC,

..+ CO, + H,0 (4)

where kg, om; (cm® molecular™ s7') is the reaction rate
constant of SVOC; with a OH radical on dust particles. 74,q,0n
is then estimated by

1+ Kdust, i ‘M

kdust_OH, i

—1

water

Tqust, OH —
kdust_OH, it COH, dust” I<p, i M water

(s)

where Kjuq; (m? ug ") is the gas-dust partitioning constant of
SVOC; and M., (ug m™3) is the concentration of water
content in dust particles. The detailed derivation of 7,405 can
be found in Section S4. The concentration of dust-phase OH
radicals (Cop 4o is influenced by RH, sunlight intensity, and
the absorbed chemical species (i.e., ozone and NO,) on dust
particles. Ty, on increases as kju om; Of Copgus inCreases.
Condust and kguy op; were predicted using the AMAR model
under the three RHs (20, 50, and 80%) at a given sunlight
intensity (at 12 pm on 03/02/2018, Exp. 1 in Table 1 and
Figure S8). Figure S9 illustrates 74,01 of two SVOCs (two
different vapor pressures (P, mm Hg) = 10~ and 10~ mm
Hg). The variation of gy oy is large ranging from 1 h to
several weeks (1 to 10° h) under varying P;, RH, and M, .-
For example, 7gq0on (1—40 h) at 80% RH is 1 order of
magnitude smaller than that at 20% RH. For the estimation of
Tgas,OH (s), the concentration of OH radicals is set to 10°
molecules cm™ (at typical polluted urban areas), and the
reaction rate constant of SVOC with OH radicals is set to
107" em® molecules™ s7" (i.e., ko goluene = 5:63 X 107'* cm’
molecules™ s7"). Unlike 74, 0op; Tgas0H 1S insensitive to RH
(Figure $9). Tgyon (<S h) of the SVOC with P, = 107° mm
Hg at RH = 80% is much shorter than 7,, oy (28 h). At RH =
20%, Tguron (>200 h) of SVOC with P = 107 mm Hg is
longer than the reported lifetime of airborne dust particles
(approximately 100 h).>*>*" The contribution of SVOC with
P, < 107> mm Hg to total organic carbons (gas + particle)
varies from 15 to 40% under varying NO, conditions and
atmospheric HC processes.”® Hence, a significant fraction of
oxygenated products can be affected by air-suspended dust
particles in the ambient RH.

3.5. Impact of Dust Hygroscopicity on SOA Growth.
As discussed in Section 3.1, SOA can be formed via the
aqueous reaction of oxygenated products in dust particles to
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form oligomeric products. Figure 6 illustrates the impact of
dust hygroscopicity on TMB SOA growth. As shown in Figure

12%

A.06/14/19 B.09/13/18 C.11/17/18
10% A
7.5%
z 8% 1 6.5%
> 6% 4 5.4%
< 0
o 3.8%
A 4% 4 3.0%
2.1%
" ]
0%
Dry GDD | Wet GDD | Dry AS Dry GDD | WetAS | Wet GDD
| RH(%) 18.8 57.6 23.1 311 66.9 60.5

Figure 6. Comparison of SOA yields formed from TMB in the
presence of (A) dry GDD and wet GDD particles (06/14/19), (B)
dry GDD and dry AS particles (09/13/18), and (C) wet AS and wet
GDD particles (11/17/18). The averaged RH (%) is also listed for
each experiment. The SOA yield was corrected by the particle loss to
the chamber wall. The errors were estimated by the propagation
errors from yield calculation.

6A, the SOA yield with wet GDD particles (averaged RH =
57.6%) is ~2.5 times higher than that with dry GDD (averaged
RH = 18.8%). The water content of authentic dust particles
follows an exponential manner as RH increases without
showing the clear phase transition.”® Therefore, heterogeneous
reaction of oxygenated organic products is enhanced in wet
GDD particles. Unlike GDD, AS aerosol is solid at the RH
lower than its efflorescent RH. Under the dry conditions
(Figure 6B), the water content in both AS and GDD particles
is nearly negligible. However, the enhancement in the SOA
yield appeared in the presence of dry GDD compared to that
with dry AS. As discussed in Section 3.2, SOA growth can be
enhanced by the formation of carboxylate salts in dust
particles. As seen in Figure 6C, no apparent difference in
SOA yields was observed between the SOA with wet GDD and
that with wet AS. This can also be supported by the predicted
water content as shown in Figure S9 where both wet GDD and
wet AS seeds contain a significant amount of aerosol phase
water. For the formation of SOA in the presence of wet dust
particles, the pathway via heterogeneous reactions of oxy-
genated products is more important than the pathway via the
formation of carboxylate salts. Therefore, dust’s buffering
capacity limits the formation of carboxylate salts in the dry
condition and the quantity of reactive organic compounds
limits SOA growth in the wet condition.

Figure S11 displays the time profile of nitrate on dust
particles in all three experiments (Figure 6). The depletion of
nitrate appeared only with dry GDD. However, hydrophilic
HNO; vapor considerably partitions to wet GDD and exceeds
GDD’s buffering capacity. This abundant nitric acid (acid
dissociation constant, pK, = —1.37)" built on GDD particles
suppresses gas-dust partitioning of weakly acidic carboxylic
acid (pK, ranges from 1 to 4).°" As described in egs 2 and 3,
nitric acid competes with carboxylic acids for the reactions
with alkaline carbonate, that is, CaCOj. Figure S11B,D clearly
evinces the absence of carboxylate salts (no depletion of
nitrate) in the presence of wet GDD. Figure S12 illustrates that
the salt (benzoate) of an intermediate volatile carboxylic acid
(benzoic acid) can be depleted by nitric acid that is generated
from the photochemical reaction of NO,. This result confirms
that in the presence of wet GDD gas-dust partitioning of
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semivolatile carboxylic acids is suppressed by high concen-
tration of nitric acid.

4. CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

We conclude that the mechanistic role of mineral dust in SOA
growth changes with the water content in dust particles. The
formation of carboxylate salts modulates SOA growth with dry
dust and the aqueous reactions enhance SOA growth with wet
GDD. Figure 1 supports the enhancement of SOA growth by
the formation of carboxylates in the presence of dry GDD
particles. The mechanistic role of wet dust particles in SOA
growth via heterogeneous reactions of organic compounds was
discussed, as shown in Figure 6. Overall, SOA mass driven by
gas-particle partitioning is relatively smaller than that geared by
heterogeneous reactions. In addition, Figure 5 supports the
influence of GDD on the degradation of an organic compound.
SVOC:s can be oxidized by the OH radicals that are generated
via the photocatalytic activation of dust particles and form less
volatle HOM compounds or more volatile IVOCs (see
Section 3.3). Thus, dust-driven photocatalytic oxidation of
organic compounds could influence both SOA growth and
aerosol’s chemical characteristics. The impact of photocatalytic
oxidation on SOA needs to be further studied in future.
Laboratory studies showed that the hygroscopicity of dust
particles can be modified via the heterogeneous reaction of
SO, and NO,.****** In addition to NO, and SO,, HC is
ubiquitous in heavily polluted urban environments and
interacts with airborne dust particles. The coating of organic
products on dust particles, that is, carboxylic acids, also
modifies dust’s hygroscopicity. In general, carboxylate salts are
less hygroscopic than nitrate salts.*> The modified hygro-
scopicity of dust particles further influences CCN activity,”*’
ice nuclei,**** and single-scattering albedo.”® In addition, the
effect of salts on the solubility of organic compounds in the
water layer on dust particles can be diverse with ionic
composition. For example, salting out of organic compounds
with calcium nitrate is generally stronger than that with AS.”"
As discussed in Section 3.4, the lifetime associated with the
photocatalytic oxidation of SVOC (P, < 10~ mm Hg) on
GDD particles is significant under typical dust episode
conditions (i.e.,, 400 pg m™> dust loading at 50% RH). 526 A
significant fraction of oxygenated products from the atmos-
pheric processes of VOC precursors is SVOCs with P, < 1073
mm Hg (i.e., 15-40% in toluene products under various NO,
and aging conditions).”® Although the impact of dust particles
on ozone formation was not apparent in our chamber studies,
it is capable of the dust to modify SOA compositions through
both gas-phase reaction and heterogeneous reactions.””” "> In
addition, NO, can influence SOA formation by both gas-phase
chemistry and dust-phase heterogeneous chemistry. For
example, the SOA yield is usually lower with high NO,
conditions than that with low NO, conditions.”®> NO,
consumes the electron on dust particles to form NO™® as
well as HONO, which is the precursor of OH radicals.”” In the
heavily polluted urban regions located in the mid-latitude
where the temperature climate is mild, RH is generally higher
than 30%, and the concentration of aromatic VOC and NO,
can reach to ~200 ppbC and ~70 ppb, respectively.”””
Therefore, mineral dust can be easily nitrated in the urban
areas and become more hygroscopic than fresh dust. SOA
growth in the presence of wet dust particles will be driven by
aqueous reactions of the reactive oxygenated products
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originating from the photooxidation of VOC. We conclude
that SOA mass increases in the presence of mineral dust
particles.
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