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Abstract.

The photocatalytic ability of airborne mineral dust particles is known to heterogeneously promote
SO, oxidation, but prediction of this phenomenon is not fully taken into account by current models. In this
study, the Atmospheric Mineral Aerosol Reaction (AMAR) model was developed to capture the influence
of air—suspended mineral dust particles on sulfate formation in various environments. In the model, SO>
oxidation proceeds in three phases including the gas phase, the inorganic—salted aqueous phase (non—dust
phase), and the dust phase. Dust chemistry is described as the absorption—desorption kinetics of SO and
NOx (partitioning between the gas phase and the multilayer coated dust). The reaction of absorbed SO, on
dust particles occurs via two major paths: autoxidation of SO in open air and photocatalytic mechanisms
under UV light. The kinetic mechanism of autoxidation was first leveraged using controlled indoor chamber
data in the presence of Arizona Test Dust (ATD) particles without UV light, and then extended to
photochemistry. With UV light, SO, photooxidation was promoted by surface oxidants (OH radicals) that
are generated via the photocatalysis of semiconducting metal oxides (electron—hole theory) of ATD
particles. This photocatalytic rate constant was derived from the integration of the combinational product
of the dust absorbance spectrum and wave—dependent actinic flux for the full range of wavelengths of the
light source. The predicted concentrations of sulfate and nitrate using the AMAR model agreed well with
outdoor chamber data that were produced under natural sunlight. For seven consecutive hours of
photooxidation of SO in an outdoor chamber, dust chemistry at the low NOy level was attributed to 55%
of total sulfate (56 ppb SO, 290 ug m> ATD, and NOx less than 5 ppb). At high NOx (>50 ppb of NOy with
low hydrocarbons), sulfate formation was also greatly promoted by dust chemistry, but it was suppressed
by the competition between NO, and SO, that both consume the dust—surface oxidants (OH radicals or

ozone).
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1 Introduction

The surface of mineral dust particles is able to act as a sink for various atmospheric trace
gases such as sulfur dioxide (SO2), nitrogen oxides (NOx, e.g. NO and NO), and ozone (O3).
Among trace gases, SO, has received much attention because heterogeneous oxidation of SO>
produces nonvolatile sulfuric acid, which is readily involved in the acidification of particles or the
reaction with dust constituents such as alkaline metals (K*, Na*) or metal oxides (e.g. o—Al,O3 and
Fe>O3). Such modification of the chemical composition of dust particles can influence the
hygroscopic properties of mineral dust, which is essential to activate cloud condensation
nucleation (Krueger et al., 2003;Zhang and Chan, 2002;Vlasenko et al., 2006;Liu et al., 2008;Tang
etal., 2016).

Metal oxides (e.g. TiO2 and Al>Oz) have frequently been used in many laboratories to study
the key role of mineral dust in the heterogeneous oxidation of SO, (Goodman et al., 2001;Usher
et al., 2002;Zhang et al., 2006). However, these laboratory studies have been limited to a certain
type of metal oxide and autoxidation of SO> without a light source. To date, only a few studies
have attempted to study the photocatalytic characteristics of mineral dust in the oxidation of SO>

and NOx. For example, as noted by Park and Jang (2016), the reactive uptake coefficient (yso2-)

of SOz in the presence of dry Arizona Test Dust (ATD) particles under UV light was one order of
magnitude higher (1.16 x 10 using an indoor chamber with a light mix of UV-A and UV-B light)
than that from autoxidation (1.15 x 10°") without a light source. Using an aerosol flow tube, Dupart
etal. (2014) observed that the uptake rate of NO2 by ATD dust particles was significantly enhanced
(by four times) under UV-A irradiation compared to dark conditions. Field observations have also
reported the promotion of SO, photooxidation in the presence of mineral dust. For instance, near
Beijing, China (ground—based campaign in 2009), and in Lyon, France (remote—sensing campaign
in 2010), Dupart et al. (2012) found that mineral dust was a source of OH radicals under UV
radiation that promoted sulfate formation.

Semiconducting metal oxides (e.g. a—Al203, a—Fe20s3, and TiO2) act as a photocatalyst in
mineral dust particles that can yield electron (e ev)-hole (h*yb) pairs, and that they are involved in
the production of strong oxidizers, such as superoxide radical anions (O2") and OH radicals
(Linsebigler et al., 1995;Hoffmann et al., 1995;Thompson and Yates, 2006;Cwiertny et al.,
2008;Chen et al., 2012;Dupart et al., 2014;Colmenares and Luque, 2014). These oxidizers enable
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rapid oxidation of adsorbed SO2 and NOx on the surface of mineral dust particles. For example,
using transmission FTIR spectroscopy and X—ray photoelectron spectroscopy, Nanayakkara et al.
(2012) observed the oxidation of SO by the photo—catalytically generated OH radicals in the
presence of titanium oxide particles. The heterogeneous formation of sulfate and nitrate can be
highly variable and dependent on the chemical characteristics of dust aerosol (Gankanda et al.,
2016). Authentic mineral dust particles differ from pure metal oxides in chemical composition.
For example, Wagner et al. (2012) reported that the content of metal oxides in Saharan dust
samples collected from Burkina Faso includes 14% Al>O3, 8.4% Fe;0s3, and 1.2% TiOo.

Most research on dust photochemistry has been limited to qualitative studies and lacks
kinetic mechanisms that are linked to a predictive model. The typical wave—dependent photolysis
of gas—phase trace gases has long been subject to atmospheric photochemistry. This photolysis
rate is a first—order reaction and is calculated via the coupling actinic flux (the quantity of photons)
with the characteristics (cross section area and quantum vyield) of a light-absorbing molecule
(McNaught and Wilkinson, 1997). In order to model dust photochemistry, the integration of
wavelength—dependent actinic flux with the photocatalytic activity of mineral dust is needed.

In addition to sunlight intensity, humidity also influences heterogeneous dust chemistry.
Humidity governs particle water content, which influences the gas—dust sorption process of trace
gases (Navea et al., 2010) and the formation of dust—phase oxidants. Huang et al. (2015) found

that the y5q2- of SO2 autoxidation in ATD particles increased by 142% because of the relative

humidity (RH) changed from 15% to 90%. In the presence of UV light, the particle water content
can act as an acceptor for h*y, and produce surface OH radicals, promoting heterogeneous
photochemistry of SO2 on mineral dust. In the presence of UV light, Shang et al. (2010) reported
that sulfate production on the surface of TiOz increased by five times because of the increase of

RH from 20% to 80%. Park and Jang (2016) also reported the exponential increase in Ys02- 88 the

RH increased from 20% to 80% for both autoxidation and photooxidation of SO in the presence
of ATD particles. A few studies have attempted to simulate sulfate formation in the presence of
mineral dust at regional scales using laboratory—generated kinetic parameters (Tang et al., 2004;L.i
and Han, 2010;Dong et al., 2016). However, Yso02- applied to the regional simulations originated
from pure and dry metal oxides without UV light, and thus will differ from those of ambient dust

exposed to natural sunlight. It is expected that the typical regional simulations during dust events

might underestimate the formation of sulfate.
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In this study, the Atmospheric Mineral Aerosol Reaction (AMAR) model was developed
to predict atmospheric oxidation of trace gases such as SO, and NO> under ambient conditions.
The Kkinetic mechanisms of dust—driven photochemistry, including autoxidation and
photooxidation of SO., was newly established in the model. The rate constant of dust
photoactivation, which forms electron—hole pairs and sources dust—driven oxidants, was integrated
into the model. The influence of meteorological variables, such as humidity, temperature and
sunlight, on SO, oxidation was investigated using the resulting AMAR model. The model also
addresses the kinetic mechanism to simulate how atmospheric major pollutants such as NOx and
ozone are engaged in the oxidation of SO; in the presence of airborne dust particles. For
environmental scenarios, the model was applied for polluted urban conditions (e.g. hydrocarbon
ppbC/NOx ppb < 5) and low NOx conditions (e.g. hydrocarbon ppbC/NOx ppb > 5). The reaction
rate constants for both autoxidation and photocatalytic reactions of SO, were obtained through the
simulation of indoor chamber data, which were previously generated under various meteorological
and environmental conditions (Park and Jang, 2016). The suitability of the resulting AMAR model
was tested against sulfate formation in a large outdoor smog chamber at the University of Florida
Atmospheric Photochemical Outdoor Reactor (UF-APHOR) under natural sunlight. The AMAR
model of this study will vastly improve the accuracy of the prediction of sulfate and nitrate

formation in regional and global scales where dust emission is influential.

2 Experimental
2.1 Chamber experiments

The indoor chamber data of this study was obtained from the recent laboratory study by
Park and Jang (2016) to determine the Kinetic rate constants that are needed to develop the AMAR
model. The indoor chamber operation has been reported previously (Park and Jang 2016) (Also
see Sect. S1). The indoor chamber data are listed in Table 1. The outdoor chamber experiments
were performed in the UF-APHOR dual chambers (52 m?® for each chamber) to test the suitability
of AMAR model to ambient condition. The light irradiation of the indoor-UV light and the
sunlight are shown in Fig. S1. The detailed description of the operation of outdoor chamber is also
described in Sect. S1. The outdoor experimental conditions for SO heterogeneous reaction in the

presence of mineral dust particles are listed in Table 2.
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2.2 Light absorption of ATD particles

The absorbance spectrum of ATD particles was measured to develop the reaction rate
constants in the kinetic model. The detailed procedure for light absorption measurement of particle
samples can be found in the previous study (Zhong and Jang, 2011). The particle size distribution
of ATD is shown in Fig. S2. The suspended dust particles were sampled on a Teflon coated glass
fiber filter for 20 minutes. The masses difference of dust sample was measured using a
microbalance (MX5, Mettler Toledo, Columbus, OH). The light absorbance of the dust filter
sample (Absatp) was measured using a Perkin—Elmer Lambda 35 UV-visible spectrophotometer
equipped with a Labsphere RSA-PE-20 diffuse—reflectance accessory. The absorbance spectrum
was normalized by particle mass and calculated to obtain the mass absorbance cross section (See
Sect. S1 in Supporting Information). The resulting absorbance cross section and quantum yield of
ATD dust are shown in Fig. S3.

3 AMAR model description

The overall schematic of the AMAR model is shown in Fig 1. In the model, the total sulfate
mass concentration ([SO4>]r, pg m™) is predicted from the reactions in three phases: the sulfate
formed in the gas phase ([SOs*]gas, g m™), the sulfate from the aqueous phase ([SO4%Jag, pg m=)
and the sulfate from dust-driven chemistry ([SO4>]aust, ug m3). The key components of the model
consist of the partitioning process and the kinetic mechanisms in three phases.

(1) The gaseous inorganic species (e.g. SO2, NOx and ozone) are partitioned onto both inorganic—
salt (sulfuric acid and its salts) seeded aqueous particles and mineral dust particles. ATD particles
are known to be coated with the multilayer of water due to their high affinity to water (Gustafsson
et al., 2005) (Sect. 3.2.1). Therefore, we assume that gas—dust partitioning of tracers on multilayer
water is processed in absorption mode.

(2) SO2 oxidation in the gas phase is simulated using mechanisms previously reported in the
literature (Byun and Schere, 2006;Sarwar et al., 2013;Sarwar et al., 2014;Binkowski and Roselle,
2003) (Table. S1).

(3) The partitioned SO- is heterogeneously oxidized in the inorganic—salt seeded aqueous phase
based on the previously reported mechanisms (Liang and Jacobson, 1999).
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(4) The formation of sulfate ([SO4*]aust) in the dust phase is approached using two kinetic sub—
modules: the production of sulfate ([SO4*Tauo, pg m™) by autoxidation in open air and sulfate
formation ([SOs%*]photo, ng m) by photocatalytic reactions. Overall, dust chemistry within the
multilayer of water is treated by the similar manner to aqueous chemistry. However, aqueous
chemistry is operated through the whole aerosol volume and dust chemistry is processed in the
water layers on the surface of dust particles.

The simulation of chamber data using the model was performed using a kinetic solver
(Morpho) (Jeffries, 1998). In these mechanisms, the symbols “g”, “aq”, and “d” denote the
chemical species in the gas phase, inorganic-salt seeded aqueous phase, and dust phase,
respectively. The unit of the concentration of chemical species is molecule per cm? of air. The rate
constants associated with various reaction mechanisms in the AMAR model were determined by
simulating pre—existing indoor chamber data obtained from controlled experimental conditions
(Park and Jang, 2016). For example, the rate constant for SO, autoxidation (Kauo, S?) is
semiempirically determined by fitting the predicted concentration of sulfate to the experimental
data D1 in Table 1. The gas—dust partitioning constant (K so,, Sect. 3.2.1) of SO is dependent
on temperature, aerosol water content, and acidity. K, 5o, Vvalues were semiempirically
determined using data D1-D3 (three different RHs) and the literature parameters related to the
effect of temperature and acidity on K 0,. The rate constant (Kphoto, cm® molecule® s) for the
sulfate formation by photocatalytic reactions is semiempirically determined using data L1-L3
(three different RHs) in Table 1. In the presence of ozone, Kauto and Kpnoto are determined using
datasets D4 and L4, respectively. In the following sections, the components of the AMAR model

are described in detail.
3.1 SO2 oxidation in gas phase and aerosol aqueous phase

3.1.1 Gas phase oxidation

The oxidation of SO; in the gas phase has been extensively studied by numerous
researchers (Baulch et al., 1984; Kerr, 1984; Atkinson and Lioyd, 1984; Calvert, 1984; Graedel,
1977; Atkinson et al., 1997). In this study, the oxidation of SO is described using comprehensive
reaction mechanisms shown in Table S1. The mechanisms can also be simplified as follows:

S0,(g) + OH — HOSO, (R1)
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HOSO, + 0, — SO; + HO, (R2)
S0;(g) + H,0(g) + M - H,S0,(aq) + M (R3)
HOSO, + OH(g) + M — H,S0,(aq) + M (R4)

3.1.2 Gas—aerosol partitioning

SO is dissolved into hygroscopic sulfuric acid (H2SOa4), which is formed in the gas phase,
via a partitioning process and reacts with the aqueous phase oxidants (e.g. H20. and O3) to
heterogeneously form H>SOs. The chemical species that were treated by the partitioning process
include SOz, NOy, Oz, OH, HO, H202, HCOOH, CH300H, HNO3, CH30,, HONO, CH3COOH,
and HCHO. In the model, the partitioning process is approached using the gas—particle partitioning

coefficient K, 50, (m?® ugt) based on aerosol mass concentration. Kqq,50,15 derived from Henry’s

law constant of SO2 (K s0,=1.2 mol L™ atm™ at 298K) (Chameides, 1984),

KH,SO RT
Kaq,SOZ = Pa; (1)

where R is the ideal gas constant (J KX mol™) and paq (g cm™) is the density of the particle, which

is calculated using inorganic thermodynamic model (E-AIM I1) (Clegg et al., 1998;Wexler and

Clegg, 2002;Clegg and Wexler, 2011) based on humidity and inorganic composition. The
partitioning process of SO, on inorganic aerosol (Insg, pg m=) is expressed as,

S02(8) + Inaqg = SO, (aq) + Inag Kabs,505,aq(M* ng* s7)  (RY)

S0, (aq) — SO, (g) kaes s0,,aq sh (R6)

Kaps,s0,aq (M pg™ s and kges 50,0 (87 are the uptake rate constant and the desorption rate

constant, respectively, and are calculated as follows,

_ wsozfaq,mass_to_surface
kabs,SOZ,aq - fabs,aq 4 (2)

kabs,SOZ,aq (3)

kdes,SOZ,aq = Kagq

where fuq5 1 (5 X 1074, m? nug?) is the coefficient to convert the aerosol mass concentration (ug

m-3) to the surface area concentration (m?m-3) for particle size near 100 nm. faps aq is the coefficient

for uptake process and ws, is the mean molecular velocity (m s1) of SO, and can be calculated
as follows,

8RT
Wsp, = |7 (4)
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where MW is molecular weight (kg mol™). In our model, fansaq Was set at 2 x 10* in Eq. (2) to
have fast partitioning process. Table S2 summarizes the characteristic time that is estimated for
diffusion, partitioning, and the reactions of major species with OH radicals in gas, aqueous, and
dust phases. In general, the characteristic time (s) of a partitioning process (order of 107 s) is much
faster than gas phase oxidation (order of 10° s), aqueous phase oxidation (order of 10°-10*s), and
dust phase oxidation (order of 10>-10° s at presence of 200 ng m of dust particles). The mass
concentration (ug m) of inorganic seeded aqueous phase above the efflorescent relative humidity
(ERH) is also dynamically calculated for the SO4s*~NH4*—H,0O system. Colberg et al. (2003)
semiempirically predicted ERH by fitting to the experimental data based on the ammonia—to—
sulfate ratio in the SO4>—NHs"—H20 system. AMAR model utilizes these parameterizations to
predict ERH dynamically. Ammonia is inevitable in our chamber study and mainly acts as a
carryover from previous chamber experiments. Thus, H2SOs is fully or partially neutralized by

ammonia.

3.1.3 Aerosol aqueous phase reaction

The AMAR model implements aqueous—phase chemistry that occurs in inorganic salted
aqueous aerosol (SO+>-NHs*—H.0 system without dust) to form SO3~(aq) and NO3 (aq). We
employed the preexisting aqueous—phase kinetic reactions involving SO. (Liang and Jacobson,
1999) and NOx chemistry (Liang and Jacobson, 1999;Hoyle et al., 2016). Thus, our simulation
inherits all the possible uncertainties embedded in the original kinetic data.

The SO- dissolved in the aqueous phase is hydrolyzed into H,SO3 and dissociates to form
ionic species (HSO3™ and SO3%). SO42(aq) is formed by reactions of the sulfur species in oxidation
state IV ((S(IV) (aq)) with OH(aq), H202(aq), or Os(aq) (Table S1). The dissolved HONO can also
dissociate to form NO3 (aq) and result to NO3 (aq). Each chemical species in S(IV)(aq) has a
different reactivity for oxidation reactions. The distribution of chemical species is affected by
aerosol acidity, which is controlled by humidity and inorganic composition. Hence, the formation
of sulfate is very sensitive to aerosol acidity. For example, most of the S(IV) is consumed by H.0>
at pH<4, whereas most of it is consumed by O3 at pH>4. Some strong inorganic acids, such as
sulfuric acid, influence aerosol acidity. In AMAR, aerosol acidity ([H*]) is estimated at each time
step by E-AIM 11 (Clegg et al., 1998;Wexler and Clegg, 2002;Clegg and Wexler, 2011) corrected
for the ammonia rich condition (Li et al., 2015;Beardsley and Jang, 2016;Li and Jang, 2012) as a
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function of inorganic composition measured by a Particle Into—Liquid Sampler coupled with lon
Chromatography (PILS-I1C). When the ammonia—to—sulfate ratio is greater than 0.8, the prediction
of [H*] is corrected based on the method described by Li and Jang (2012). At high NOy levels,
NO; (aq) competes with S(IV)(aq) for the reaction with OH(aq), Os, or H.O> (Table S1) (Ma et
al., 2008). However, the HONO concentration becomes high at high NOx levels and enhances SO-
oxidation in the inorganic—salt seeded aqueous phase due to the formation of OH radicals via
photolysis of HONO.

3.2 Heterogeneous oxidation in the presence of mineral dust particles

The heterogeneous chemistry in the presence of dust particles has been newly established
in the AMAR model. The dust phase module consists of a partitioning process (Sect. 3.2.1) and
heterogeneous chemistry for SO, and other trace gases (ozone, HONO, and NO) (Table 3) (Fig.
1). The heterogeneous chemistry of SO is handled by autoxidation (Sect. 3.2.2) and
photooxidation under UV light (Sect. 3.2.4). In dust—phase photochemistry, the central mechanism
for SO> oxidation is operated by the surface oxidants (e.g. OH(d)), which is generated via the

photoactivation process of semiconductive metal oxides in dust particles (Sect. 3.2.3).
3.2.1 Gas—dust particle partitioning

In an adsorptive mode, water molecules suppress partitioning of SO2 because they compete
for adsorptive sites with tracers (Cwiertny et al., 2008). However, the formation of the sulfate
associated with ATD increased as increasing RH as shown in Table 1, suggesting that gas—dust
partitioning is more likely operated by absorption on the multilayer coated dust with water
molecules. ATD contains hygroscopic inorganic salts that form the thin water film on the surface
of ATD particles when the salts are deliquescent (or above ERH). Some salts such as magnesium
sulfate and calcium sulfate can be hydrated even at low humidity (Beardsley et al., 2013;Jang et
al., 2010). Gustafsson et al. (2005) reported that ATD particles showed a substantially high
affinity to water compared to pure CaCOs particles. In their study, the water content of ATD
particles, which was measured using the thermogravimetric method, ranged from two monolayers
to four monolayers based on the BET surface area between 20%-80% relative humidity. This
water layer influences gas—dust partitioning of atmospheric tracers such as SO2 and NO.. The gas—

dust partitioning constant (K, s,, m* m) of SO; is defined as,

9
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_ _ [SOz2]q 3 -2
Kd'SOZ B [SOZ]gADust (m m ) (5)

Adust (M? m3) is the geometric surface concentration of ATD dust particles and is calculated by
multiplying the dust mass concentration (ug m®) by a geometric surface-mass ratio (fyyse.s p) Of
ATD particles (3.066 x 10, m? pg™). The SO absorption and desorption processes for the dust
phase are expressed as
SO, (g) + Apust = SO2(d) + Apyst kabs_soz,azust(m3 m?s™) (R7)
S0, (d) — SO (g) Kaes_505 quse (8™ (R8)
Kabs 50, guse (M M?s™h)and Kyes 50, ..., () are the absorption rate constant and the desorption
rate constant, respectively. At equilibrium, the absorption rate (R7) equals the desorption rate

(R8). Thus, K, 50, can be expressed as

k
Kd'soz — kabs_SOZ,dust (m3 m-2) (6)
des_SOy,dust

The Ky, 50, Value at 20% RH is set at 1.63 (m® m) based on the literature data (dust particles at
20% RH) (Adams et al., 2005;Huang et al., 2015). The characteristic time to reach to equilibrium
is very short (Sect. 3.1.1). In kinetic mechanisms, Kqqs_so, qust Was set at 1.7 x 10* m®* m?s™ for
dry particles (20% RH) using the same approach as Eg. (2). The resulting characteristic time for
kaas so,aust 1S 10 s. The characteristic time of the reaction of SOz with an OH radical (10°
molecules cm™) is about 10°~107 s in gas phase and 10°-10° s in both aqueous phase and dust
phase.

To consider the effect of temperature on K;go, , the temperature dependency of
Kaes_s04 guse (EG- (6)) is derived from the Henry’s constant (Chameides, 1984). K 5o, (Eg. (5)) is
also influenced by aerosol water content (Zuend et al., 2011) as well as the dissociation of HSOg,
which is operated by aerosol acidity ([H*]) and an acid dissociation constant (Kas,,)(Martell and

Smith, 1976). Thus, kges_s0, 4., 1S €XPressed as,

3100 Ka i
kdes_SOZ,dust = 1X109 exp (_ T) /(Fwater(l + [HS+O]2)) (S 1) (7)

Kagg, is 0.013 (mol L) at 298K (Martell and Smith, 1976). The influence of the dissociation of

Kaso
[H*]

inorganic acid on K s, is accounted for by the term (1 + 2) in Eq. (7). The estimation of [H"]

is treated in the same ways as aqueous chemistry (Sect. 3.1.3).

10
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In order to estimate K g0, at different RH, Fuater (coefficient of the mass fraction of water
to dust particles) was introduced into the model. The hygroscopic property of mineral dust
dynamically changes because dust can be substantially modified by direct reaction of some of its
components (e.g. CaCOs3) with inorganic acids such as HSOs4 and HNO3z. When dust forms
Ca(NOs),, dust becomes more hygroscopic. Nitrate salts deliquesce at very low RH (17%)
(Krueger et al., 2003; Krueger et al., 2004; William et al., 2005). CaSO; is, however, relatively
hydrophobic. Nitrate salts exist only when sulfate concentrations is very low. In the model, Fwater
is associated with the hygroscopic property of indigenous dust (first term in Eq. (8)), the inorganic
nitrates formed from the reaction of absorbed HNOz with dust (second term), and the inorganic
sulfate (SO4*~NH4"—H0 system, third term).

Fuater = eXp(44RH) + 3.7 fys0.5 wexp(4.4RH) Fo2t0] y Jausts ¥inwater (g

Dust Apust

Minwater IS the water concentration (ug m) associated with inorganic sulfate and calculated using
E-AIM II. Both [NO3 (d_salt)] and Minwater are normalized by the mass concentration of ATD
particles ([Dust], pg cm?®). Fuaer is first determined using chamber simulation of SO;
heterogeneous oxidation (first and third terms in Eq. (8)) (D1-D3 in Table 1) under varied RH
levels and extended to SO oxidation in the presence of NOx (Exp. 14 April 2017 in Table 2).
Among temperature, RH and aerosol acidity, the most influential variable is RH due to the

variation of Fuwater (See sensitivity analysis in Sect. 5).
3.2.2 Autoxidation of SOz on dust surface

Typically, autoxidation of SO is an oxidation process via the reaction of absorbed SO>
(R7 and R8) with an oxygen molecule. In the model, [SO4*Jauo is defined as the sulfate resulted
from any oxidation reactions (autoxidation in open air and oxidation with ozone) of SO, without
UV light (Fig. 1). In autoxidation, the reaction of SO2(d) with the oxygen molecules is treated as

the first order reaction (assuming the concentration of oxygen is constant as 2 x 10° ppm).

0,
50,(d) 2% s02-(a) Kauto = 5%1076 (57 (R9)

In the dark condition, the formation of sulfate is mainly sourced from autoxidation of SO.. For

comparison with other studies, we estimate the reactive uptake coefficient (ysoz- g,¢,) 0f SO2 onto

ATD dust in the absence of ozone and NOx (Fig. 2).

11
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_ 4'Kd,502 kauto (9)

Vs03~auto =
S0; ,auto wso,

Y502 auto is proportional to K; s0,, and influenced by humidity (Eq. (7)).

3.2.3 Photoactivation of dust particles and heterogeneous formation of OH radicals

The reactive uptake of SO, on particles is traditionally treated as a first order process
(Ullerstam et al., 2003; Li et al., 2007). Such an approach is appropriate for simple autoxidation
mechanisms, but not for the complex heterogeneous photooxidation of SO>. In the AMAR model,
the heterogeneous photooxidation of SO is approached in three steps: (1) the formation of an e
«b—h*wp pair via photoactivation of dust particles, (2) the formation of OH(d) via the reaction of an
e sb—h*wb pair with a water or oxygen molecule, and (3) the reaction of absorbed SO, with the
resulting OH(d) (second—order reactions) (Table S1).

The photoactivation of dust particles and the recombination reaction of an electron-hole

pair (e_h) are added into the model.
Dust = Dust + e_h k. = jiarp) (R10)
e_h - energy krocom = 1x1072 (s1) (R11)
where ki_h is the photoactivation rate constant to form e co—h*w pairs and k,com is the reaction

rate constant of recombination (heat radiation) of an electron and a hole. The value of k,.c.om IS
set at a large number to prevent the accumulation of electron-hole pairs. The formation of OH(d)
is expressed as

e_h +0,(g) » OH(d) kowo, = 1X107*2exp(2.3RH) (cm® molecules™ s) (R12)
kon,o, i the reaction rate constant to form OH(d) and is first estimated using indoor chamber data
(L1-L3 in Table 1) at RH 20%, 55% and 80% and then regressed against RH. The study by
Thiebaud et al. (2010) reported the recombination of OH(d) near to TiO> surfaces. In our model,
the mechanistic role of the catalytic formation of the electron-hole pairs (R10) and their
recombination (R11) compensates the formation and the self—reaction of OH radicals.

In R10, ki_h is the operational rate constant for the photoactivation of dust particles and is
dependent on the photolysis rate constant, ji4rpj (). Like the typical photolysis of a gaseous
molecule, the photocatalytic production of e’co—h*w pairs is linear to both the actinic flux (I(4),

photons cm2 nm™ s) originating from the light source and the photocatalytic property of dust

12
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particles. The value of ji,rp) is determined by /(4), the absorption cross section (a(2), cm? ugl),

and the quantum yield (¢(4)) of dust conducting matter at each wavelength range (1, nm),

jurp) = [ Ia(DP()dA (10)
In the model, o(4) is the light absorption needed to activate dust—phase semiconducting metal
oxides (excitation from a ground energy level to a conducting band), and ¢(4) is the probability of
yielding the e'co—h*wb pair in the dust phase. Both o(7) and ¢(%) cannot be directly measured because
of complexity in the quantity of photoactive conducting matter in dust particles and the irradiation
processes of the e’co—h*wp pair. In order to deal with o(4)x¢(4), we calculated the mass absorption
cross section of dust particles (MACarp, m? g*), which was determined using the absorption
coefficient of ATD particles (baro, m™) with the particle concentration (marp, g m™):

MACyrp = CATD (11)

marp

In Eq. (11), baro can be calculated from the absorbance of dust filter sample (Absarp,

dimensionless) measured using a reflective UV-visible spectrometer (Fig. S3):

__Absatp A

barp = f—Vln(lO) (12)
where A = 7.85 x 107° (m?) is the sampled area on the filter and V (m®) is the total air volume
passing through the filter during sampling. In order to eliminate the absorbance caused by filter
material scattering, a correction factor (f = 1.4845) is obtained from a previous study (Zhong and
Jang, 2011) and coupled into Eqg. (12). The preliminary study showed that the effect of aerosol
scattering on the bans values of the aerosol collected on the filter was negligible. Further, Bond
(2001) reported that particle light scattering does not significantly influence spectral absorption
selectivity. The MACatp of dust particles originates from photocatalytic conducting matter (e.g.
TiO,) as well as light-absorbing matter (e.g. gypsum and metal sulfate). Thus, the MACatp
spectrum is adjusted using the known TiO> absorption spectrum (Reyes-Coronado et al., 2008)
and applied to o(4) x ¢(4) (Fig. S3). The resulting a(4) x ¢(1) spectrum is applied to Eg. (10) to
calculate jj4rp) (R10).

3.2.4 Heterogeneous photooxidation of SO2
SO is oxidized by OH(d) on the surface of ATD particles as follows,

S0,(d) + OH(d) — S0%(d) Kpnoto = 1.0x107*2 (cm? molecule™ s*)  (R13)
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where kot Is the reaction rate constant of SO, with OH(d) and is estimated from gas phase
reaction (R1). Combining Eq. (4), Eg. (5), R11 and R15, the reactive uptake coefficient
(Vsoz-pnoto) Of SO2 0n ATD particles under UV light can be written as,

4K 4502 (k hoto[OH(d)] +kauto)
YsoZ= photo = . (13)

wso,

Ys02- proto 1S the constant at a given concentration of OH(d) (for a given light source, dust
concentration, and humidity) (R10 and R12). Figure 2 illustrates yspz- ,pn0¢, Values at three

different RHs, which were obtained using indoor chamber data. ysoz- pnoso IS Significantly

influenced by both UV light and humidity. For example, ysp2- 50¢, IS ONe order of magnitude

higher than yq2- at low NOx levels (<5 ppb), and ysoz- ot inCreased from 2.0 x 10° to

,auto

1.24 x 10 when the RH changed from 20% to 80%.
3.3 Impact of ozone and NOx on heterogeneous chemistry of SO2

To date, most studies of the effect of NOx on sulfate formation have been limited to the
reaction in dark condition. For example, previous laboratory studies using pure metal oxides
reported the acceleration of the heterogeneous oxidation of SOz by NOy in dark conditions (Ma et
al., 2008;Liu et al., 2012). For the effect of ozone, the recent chamber study by Park and Jang
(2016) showed significant enhancement of heterogeneous photooxidation of SO». In the AMAR
model, the formation of sulfate is also modulated by the involvement of ozone and NOy in both

autoxidation and photochemistry on the surface of dust particles (Fig. 1).

3.3.1 Dust—phase ozone chemistry

The gas—dust partitioning coefficient of ozone is scaled using K, 0, and the ratio of the
Henry’s law constant of SO2 (Ky 50,. EQ. (1)) to that of ozone (Kj o,= 1.2 x 10% mol L™* atm™ at
298K) (Chameides, 1984),

Ky

03 _ 7.7x10-7Fwaterexp(27Tﬁ) (M3 m?) (14)

Ka 0, = Kg, s0, Kr50s
The partitioning process is also treated by the absorption—desorption kinetic mechanism as shown
in R7 and R8 (Table 3: partitioning). Ozone can decay catalytically in the dust phase, forming an
oxygen molecule and surface—bound atomic oxygen (Usher et al., 2003;Chang et al., 2005). The

formed atomic oxygen reacts with SO2(d) to form sulfate (Ullerstam et al., 2002;Usher et al., 2002):
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SO, (d) + 03(d) = SO5~(d) + 0, kgyto0,=2x10"* (cm® molecules?s™) (R14)
In the presence of 300 ug m® of ATD particles and 60 ppb of ozone, the concentration of Os(d) is
estimated as 2.4 x 107 molecule cm=. Under this condition, the characteristic time of the
autoxidation by ozone (R14) is 2 x 10% s and is much faster than the autoxidation by oxygen (R9,
2 x 10° s). At nighttime, in the presence of ozone, the autoxidation of SO(d) yields a significant
amount of sulfate.

Under UV light, ozone is also involved in the production of the surface oxidants (O3, HO3
radicals, and OH radicals) that further promote heterogeneous oxidation of SO,. O3(d) acts as an
acceptor for e'sp—h*vs and forms OH(d).

e_h + 0;(d) »- OH(d) + 0, kou,0,=1x10"? (cm? molecules™s™) (R15)

3.3.2 Dust—phase NOx chemistry

The gas—dust partitioning coefficient of NO2 (K, no,) is treated as the same approach
with ozone, using K 50, and the ratio of K, 54, (Eq. (1)) to the Henry’s law constant of NO2

(Kuno,= 1.2 x 102 mol L™ atm™ at 298K) (Chameides, 1984).

Kp, _ 2500 -
Ka,no, = Ka 50, 7.2 = 1.5X107F yqeerexp(=-) (M m?) (15)
U2

The absorbed NO: first reacts with ez, (d) or - 03 (d) on the dust surface (R10) and forms
HONO(d) (Ma et al., 2008;L.iu et al., 2012;Saliba and Chamseddine, 2012;Saliba et al., 2014). In
AMAR, the formation of HONO(d) is simplified into:
e_h + NO,(d) - HONO(d) k, jyo, = 6x107'2 (cm® molecules™s™) (R16)
HONO(d) is further decomposed through photolysis and yields OH(d):
HONO(d) = OH(d) + NO koo = jimono) () (R17)

The photolysis rate constant of HONO(d) is treated with the one for gaseous HONO (jiHonoy).

Similar to autoxidation of SO (Sect. 3.2.2), NO2(d) autoxidizes to form nitrate:

OZ(g) _ -5 -1
NO,(d) — NO3(d) kautono, = 6X1077 (s7) (R18)
NO: reacts with OH(d):
NO,(d) + OH(d) » NO3(d) kphotono, = 1X1071% (cm* molecules™ s™) (R19)

kauto,no, aNd kpnoto,no,Was determined using the simulation of outdoor chamber data (Exp. 14

April 2017 in Table 2) The estimation of the gas—dust partitioning coefficients of HONO
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(Kanono) (Becker et al, 1996) and HNOs (Kg yno,) (Schwartz and White, 1981) was
approached using the similar method for SO> (Table 3). N2Os forms nitrate via a reactive uptake

process as shown in Table 3 (partitioning reaction 11).

4 Simulation of AMAR model

At the beginning of the development of the AMAR model, the kinetic parameters to predict
the formation of sulfate and nitrate in the presence of ATD particles were leveraged using an indoor
chamber. In order to test the feasibility of the resulting AMAR model, the UF-APHOR data using
natural sunlight were simulated (Table 2). The chamber dilution (measured by CCl,) and the wall
process of gaseous compounds (e.g. ozone, SO2, HONO, NO2) and particles were integrated with
the kinetic mechanisms to simulate UF-APHOR data (Sect. S1). As shown in Fig. 1, the model
inputs are the concentration of chemical species, the amount of dust, and the meteorological
variables that are commonly found at regional scales. The dual chambers allow for two controlled

experiments to be performed simultaneously under the same meteorological conditions.

4.1 Simulations for different dust loadings

Figure 3 shows that the predicted [SO4*]r is in good agreement with experimental
observations, which were performed under low NOx conditions (NOx < 5 ppb) for two different
dust loadings as well as two different SO levels. The greater increase in [SO4*]r appeared with
the higher sunlight intensity (between 11 AM and 2 PM). In Fig. 3(a), the predicted [SOs*]t
increased by 63% (at 3 PM) with 290 pg m™ of ATD particles compared to the [SO4*]+ without
dust particles. Figure 3(b) confirms that the larger dust particle loading yields more [SO4*]t. In
Fig. 3(c), [SO4*]r was predicted with high and low initial concentrations of SO for a given dust
loading. The time profiles of the simulation of concentrations of NOy, ozone, SO, and dust are
shown in Fig. S4.

Because of the large size of dust particles, the wall processes (e.g. settling and wall
deposition) of dust particles is greater than that of the sulfate particles originated from [SO4*]aq
(no dust). Hence, the fraction of [SO4*aust to [SO4>]r declines over the course of the chamber
experiment. To estimate how the predicted [SO4%]y is attributed to [SO4?*]aq+[SO4*Jgas (NON—dust
sulfate) and [SO4>Jaust Without wall processes, Fig. 3(d), 3(e), and 3(f) are reconstructed from Fig.
3(a), 3(b), and 3(c), respectively. As shown in the inner pie chart of Fig. 3(d), a significant fraction
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of [SO4+*]r is attributed to dust phase chemistry ([SO4>Jauto + [SO4%]photo : 0.58). In Fig. 3(e), the
fraction of final [SO4? Jpnoto to [SO4% ] increases from 0.28 to 0.72 with the increase of dust loading
from 90 pg m= to 403 pug m3. The increased dust loading promotes both the absorption of SO
onto dust particles and the production of dust—phase oxidants, and thus yields more sulfate
production. With the increase of the initial concentration of SO from 119 ppb to 272 ppb in Fig.
3(f), the fraction of [SOs*Tpnoto and [SO4>]gas+[SO4*Taq are not much changed, while [SO4* ]+
increases from 16.6 ug m= to 30.1 pg m™. The elevation of the concentration of SO produces
more sulfate in all three phases (gas, aqueous, and dust phases). The sulfuric acid formed in the
aqueous phase is hydrophilic and creates a positive feedback loop which aggravates the growth of
aqueous aerosol. Overall, the variation in dust concentration is more influential on [SO4?Jphoto than
that of SO,.

4.2 Simulation of NOx effect

Figure 4 shows that the model performs well in predicting [SO4*]r in various levels of
NOy. Figure 4(d) is reconstructed from Fig. 4(a), 4(b) and 4(c) to illustrate how [SO4*]r is
attributed to the aqueous—phase reaction ([SOs*]gas+[SO4*Jaq), dust-phase autoxidation ([SOs*
Jauwo), and dust photochemistry ([SO4?]pnoto). Comparing Fig. 4(b) with 4(c), [SOs*]photo iS
suppressed at high NOx levels because NO2 competes for the consumption of dust—phase OH
radicals with SO>. The reduction of [SO4*]r in the afternoon is due to the particle loss at the low
concentrations of SO,. The simulated concentrations of NOy, ozone, SO, and dust are shown in
Fig. S5.

The time profiles of the predicted [NOs]r are also shown in Fig. 4(a), 4(b), and 4(c). In the
morning, NO2 quickly oxidizes to accumulate nitric acid in the dust phase. The dust—phase nitric
acid might rapidly react with alkaline carbonates (e.g. K, Na, Ca and Mg ions) in the dust phase
and form nitrate salts (NO3 (d_salt) in reaction 23 of dust phase reactions in Table S1). As
described in Sect. 3.2.1, these nitrate salts are very hygroscopic and further enhance gas—dust
partitioning of gaseous species including HNOgz, SOz, and HONO at high humidity (in the
morning). With increasing sunlight intensity, the temperature increases but humidity decreases
(20%, Fig. S6) and thus increase the desorption of HNOz. In addition to meteorological conditions,
the formation of low—volatility sulfuric acid can deplete nitrate via evaporation of volatile nitric

acid (SO%~(d_salt) in reaction 24 and 25 of dust phase reactions in Table S1) from the dust surface.
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The capacity of ATD particles to form nitrate salts (or sulfate salts) is limited by the amount of
carbonates and metal oxides on the surface of dust particles. This capacity is estimated to be 0.6
ppb (the number concentration of reactive sites in air), which was determined by comparing the
actual aerosol acidity, as measured by the colorimetry integrated with a reflectance UV—visible
spectrometer (C—-RUV), to the aerosol acidity predicted by the inorganic thermodynamic model
(E-AIM 1) using the inorganic composition from PILS-IC (Li et al., 2015;Beardsley and Jang,
2016). As shown in Fig. 4, the effect of HNO3 on the heterogeneous reaction is negligible during
the daytime because sulfuric acid, a strong acid, depletes partitioning of HNO3 (Eq. (15)). At the
end of the photooxidation, nitrate is slightly underestimated because some observed nitrate may
be trapped under the layer of hydrophobic alkaline sulfate formed via aging of ATD particles
(effloresced). The surface HONO(d), which formed via the photocatalytic process of NO2 (R16),
can influence the production of OH(d). However, the model analysis originated from the integrated
reaction rate (IRR), an accumulated flux of chemical formation, suggests that the contribution of
HONO(d) to OH(d) production is relatively small compared to the direct photocatalytic process
caused by dust particles shown in Sect. 3.2.3.

5 Sensitivity and uncertainties

The sensitivity of sulfate prediction to major variables (e.g. temperature, humidity, sunlight
profile, the concentration of SO, and NOy, and dust loading) is illustrated in Fig. 5. To avoid the
suppression of dust chemistry at high NOy levels, the most sensitivity tests were performed at low
levels of NOx. The stacked chart normalized with [SO42] in Fig. 5 shows how [SO4?]r is attributed
t0 [SO4%Jauto, [SO4% Jphoto aNd [SO4% Jag+[SO4%]gas (NON—dust chemistry).

Figure 5(a) illustrates that the reduction of [SO4*]r at a higher temperature (273K vs.
298K) is ascribed to the decrease in the partitioning process. Figure 5(b) shows that [SOs% ]+
increases by a factor of 2.8 with RH increasing from 25% to 80%. Humidity plays an important
role in the modulation of both aerosol acidity and liquid water content, and ultimately influences
the partitioning process (e.g. SOz partitioning on dust surface) and dust—phase chemistry (e.g.
production of OH(d)). In the stacked column chart of Fig. 5(b), the contribution of [SO4*]qust t0
[SO4*]r increases from 0.73 to 0.86 with increasing RH suggesting that dust chemistry is more
sensitive to humidity than aqueous phase chemistry. Figure 5(c) presents [SO4*]r at two different

sunlight intensities (winter on 12 November, 2015 vs. summer on 25 April, 2017) in Gainesville,
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Florida (latitude/longitude: 29.64185°/-82.347883°). As shown in Fig. 5(d), with SO3
concentrations increasing from 20 ppb to 100 ppb, [SO4*]r increases by a factor of 4.4 in the given
simulation condition. The effect of the concentration of SO, on [SO4*]r has been discussed in
Sect. 4.1 above. Figure 5(e) shows the sensitivity of [SO4*]r to the ATD loading (100, 200, and
400 pg m®). With the increasing of dust loading, the contribution of [SO4%Jphoto t0 [SO4? 7] also
increases. Figure 5(f) illustrates how sulfate formation is suppressed by different NOx levels (also
see Sect. 3.3.2).

The inorganic thermodynamic model (E-AIM I1) was employed to estimate [H*] and the liquid
water content (Minwater) for the SOs2—NH4*—H,0 system (excluding SO2~ (d_salt) in reaction 13
of Table 3: dust phase) (Eg. (8)) in both inorganic—salt seeded aqueous phase and dust phase
chemistry. The uncertainty in Minwater and [H*] influences the partitioning tracers and consequently
cause the uncertainty of [SO+%*]r. The uncertainties in the prediction of [H*] using inorganic
thermodynamic models are large because of the limited data (Clegg et al., 1998;Wexler and Clegg,
2002). In this study, [H*] is estimated by E-AIM Il (Clegg et al., 1998;Wexler and Clegg,
2002;Clegg and Wexler, 2011) and corrected for the ammonia rich condition (Li et al., 2015;Li
and Jang, 2012). The reported uncertainty of [H*] associated with the C-RUV method is +18%.
Figure S7 illustrates the uncertainties of the major model parameters ([H*], Fwater, K4, 50, Kauto

and kop 0,) and the prediction of [SO4%]r. The uncertainty of Fuater ranges from -20% to 30% due
to the uncertainty of the measurement of sulfate (+10%) and ammonia ions (£10%) using PILS-
IC. The propagation error in Egs. (6) and (7) is used to estimate the uncertainty of K; 50, (-20%
to 30%). The uncertainty of kg, (-48% to 42%) and kop 0, (-20% to 22%) are estimated by
simulating [SO4*]r within the uncertainty of K, so, and the measurement of sulfate (+10%). The

uncertainty of [SO4%]r was estimated to be £12% at the end of the simulation. In this model, the
Henry’s law constant that is applied to gas—dust partitioning of tracers (Sect. 3.2.1) may lead to

some biases in the prediction of sulfate or nitrate.

6 Conclusion and atmospheric implication

The AMAR model of this study was developed to predict the oxidation of SO, and NOx
using comprehensive kinetic mechanisms in gas phase, inorganic seeded aqueous phase and dust

phase. The thermodynamic parameters engaged in the partitioning process between gas, inorganic

19



10

15

20

25

30

salted aqueous aerosol and dust phases were obtained from known data in the literature (Table 3),
and the kinetic parameters for dust chemistry were estimated using previously reported indoor
chamber data (Park and Jang, 2016). Overall, the AMAR simulations were consistent with
experimentally observed outdoor chamber data (Fig. 3 and Fig. 4) under ambient sunlight. As
discussed in the sensitivity analysis (Sect. 5), both the [SO4*]r and the relative distribution of
mechanism—based sulfate formation are sensitive to all major variables (model inputs) including
temperature, humidity, sunlight intensity, the quantity of dust loading, and concentrations of NOx
and SO..

In order to assess the importance of dust chemistry in ambient conditions, the prediction of
sulfate formation in the presence of ATD dust needs to be extended to 24-hour simulations under
various environmental conditions. Figure S8 shows the output simulated for 24 hours with 200 pg
m® of ATD particle loading under urban (40 ppb NOx; VOC/NOx < 5; 20 ppb SO2) and rural
atmospheres (5 ppb NOyx; VOC/NOy > 20; 2 ppb SOz). At nighttime, when the temperature drops
and humidity increases (70-90%, Fig. S6), the contribution of [SO4*Jaute to [SO4*]r becomes
larger than the typical chamber simulation during the daytime. In a rural environment, [SO4?photo
is still the most influential on sulfate formation (0.76 fraction of [SO4*]r in Fig. S8(a)). For the
simulation in a polluted area (Fig. S8(b)), the fraction of [SO4%Jphoto t0 [SO4>]r significantly
decreases (0.61) because of the suppression induced by NOx (Sect. 3.3.2), but the fraction of [SO4*
Jauto to [SO4%]r increases (0.28). With decreasing sunlight intensity (after 5 PM), Fig. S8 shows
the rapid increases in [SO4>Tauto due to the reaction of dust—phase SO, with ozone, which is the
result of daytime photooxidation (Sect. 3.3.1). Fig. S8 suggests that the failure to predict sulfate
formation without accurate dust chemistry ([SOs*Jauto + [SO4?Tpnoto) Can lead to substantial
underestimation of the quantity of total sulfate at regional or global scales. SO autoxidation alone
may partially improve the prediction of sulfate in the presence of mineral dust, but sulfate
production can still be largely underestimated and incorrectly predicted in time series when
heterogeneous photocatalytic reactions in kinetic mechanisms are not considered.

The ATD particles in this study have chemical and physical properties different from
ambient mineral dust particles. In general, the uptake coefficient of SO in authentic mineral dust
particles (e.g. Gobi Desert dust and Saharan dust) is known to be higher than that of ATD particles
(Crowley et al., 2010). Thus, the effect of ambient dust particles on heterogeneous photocatalytic

oxidation would be much more important than that of the ATD particles of this study. To extend
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the AMAR model derived with ATD particle to ambient dust particles, the model parameters
related to the rate constants and physical characteristics (e.g. surface area and hygroscopic
properties) of dust particles need to be modified using laboratory studies. Photocatalytic capacities
of authentic mineral dust would be different from ATD due to the compositions and quantity of

conductive metal oxides. Hence, the photoactivation rate constant (ki_h in Sect. 3.2.3) to form

electron—hole pairs should also be revisited to apply the present model to different mineral dust
systems. In addition to reactions of inorganic species (i.e., SO2 and NOy), that of organic species
(e.g., HCOOH, HCHO, and CH3CHO) on dust surface needs to be investigated in the future.
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Table 1. Experiment conditions and simulation results for SOz heterogeneous photooxidation
on the surface of ATD particles at variety condition of humidity (RH), light sources and

initial concentration of traces using indoor chamber data.

_ . S
Exp.No2 UV ?,2'; Te(”rz';"b ATD dustlmtlglocz:‘? ncer\rllgjlrt\;oonzd 044 Dlz;?it:]()me [Sggghf e
(gm®  (ppb)  (ppb)  (ppb) (pg m®)
D1 Off 210 2959 295 267 NA.  NA 150 0.61:0.02  Kg s0,,
D2 Off 553 295.0 406 152 0.1/06  1.86 148 1.02£001 k.,
D3 Off 80.1 2945 278 147 0.9/1.6  0.29 147 1.59+0.02
L1 On 204 297.0 123 878  03/17 030 120 1.660.04  kopo,,
L2 On 552 299.3 120 823 02119 179 120 2545021 . .
L3 On 807 2987 131 780  02/04 028 120 5.22+0.19
L4 On 210 296.9 130 781  0.1/135 648 120 4.48+0.14  kop o,
D4 Off 204 296.6 293 1010 0.7/19 654 60 0.158+0.01  Kauto,0,

2“D” denotes experiments under dark condition. “L” denotes experiments with UV light. The dataset D1-D3 and L1-
L4 were obtained from the recent laboratory data reported by Park and Jang (2016). Dataset D4 was newly added here
to estimate the kinetic parameter of heterogeneous autoxidation of SO; in the presence of ozone.

® The accuracy of RH is +5%. The accuracy of temperature is +0.5 K.

¢ The mass concentration of ATD particles were calculated combining SMPS data, OPC data, the density of dust
particles (2.65 g cm3), and the particle size distribution (<3um). The errors associated with the dust particle mass
concentration were £6%.

4 The errors associated with the observation of SO2, NO, NO,, and Oz were +0.9%, +12.5%, +6.9%, and +0.2%,
respectively.

¢ The duration is the simulation time from the beginning of the experiment to the end of the experiment.

f Sulfate concentrations were measured at the end of experiments using PILS—IC. The measurements were not
corrected for the particle loss rate to the wall but corrected for the indigenous sulfate from dust particles.

9The experiments are noted with the associated Kinetic parameters that were empirically determined.
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Table 2. Outdoor chamber experiment condition for SOz heterogeneously photooxidation on

the ATD particles at variety initial concentration of SO2, dust particle, and NO-.

Initial Concentration®

a a simulation
Exp. Date Purpose I(?OI/:) TeérKn)p ' Time QL{DC SO, NO/NO; O3
(EST) (uem? (PO (ppb)  (ppb)
28/3/2015 SOz 18-67 277.1-301.9 11:10-16:30 N.A. 60.1 0.1/0.9 6.3
SO, & dust  24-71 277.8-301.5 10:50-16:30  290.1 56.4 0.1/0.7 0.7
Lowdust 1549 286.7-313.0  8:40-15:30 90.1 100.0 0.1/0.7 0.7
16/6/2015 .
Highdust  16-48 287.0-311.5 9:30-15:30 403.7 1201 1.1/1.0 5
Low SO, 24-71 277.8-301.5 8:40-17:30 239.2 119.0 0.5/2.0 3.0
12/11/2015
High SO, 1442 296.2-325.0  9:00-17:30 229.0 2716 0.2/2.1 2.6
14/4/2017 NOy effect 33-95 287.8-314.3  6:30-17:30 496.2 88.1  88.9/135 3.0
25/4/2017-1  NOyeffect 18-89 283.8-313.6 6:00-16:00 414.0 150 112.0/132 22
25/4/2017-2  NOyeffect 26-94 284.1-312.7 6:00-16:00 478.7 175 35.9/3.6 1.9

2 The accuracy of RH is +5%. The accuracy of temperature is £0.5 K.
® The errors associated with the observation of SO2, NO, NO, O3, NH4* and the concentration of dust particle mass
were £0.9%, £12.5%, £6.9%, +0.2%, 5.0+% and £6%, respectively. The detailed observations of the chemical species
during the experiments were shown in Fig. S4 and Fig. S5 in Supporting Information.
¢ The mass concentration of ATD particles were calculated combining SMPS data, OPC data, the density of dust
particles (2.65 g cm™), and the particle size distribution (<3pm) .
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Table 3. Dust—phase heterogeneous reactions and their rate constants in the presence of ATD

particles.
. Rate Coefficients of rate constants Note®
Reaction @ b Ka® Reference ¢
constant ki ka2
Partitioning
1 SO, + Dust - SO,(d) + Dust Kabs 1x108 ARO05, HZ15 R7
2 S0, (d) - SO, Kdes 1x10° 3100 0.013 ARO05, HZ15 R8
3 03 + Dust - 03(d) + Dust Kabs 1x108 MUO03, US01
4 05(d) - 04 Kdes 3x10%0 2700 0 MUO03, US01
5 NO, + Dust » NO,(d) + Dust Kabs 1x108 Cws4
6 NO,(d) —» NO, Kdes 1x10%0 2500 0 Ccws4
7 HNO; + Dust » HNO5(d) + Dust Kabs 1x108 SW81, Sc84
8  HNOs(d) » HNO, Kdes 1x10% 8700 15.4 SW81, Sc84
9 HONO + Dust - HONO(d) + Dust Kabs 1x108 BK96
10 HONO(d) » HONO Kdes 1x10%0 4900 0 BK96
11 N,05 + Dust » HNO3(d) + Dust Kabs 7.3x10°3 WS09
Dust phase

1 Dust + hv - Dust + e_h ki N jiaTo) Sect. 3.2.3 R10
2 e_h — energy Krecom 1x1072 Sect. 3.2.3 R11
3  eh+0, - OH(d) Kow .o, 1x10%2 2.3RH Sect. 3.2.3 R12
4 S0, (d) - S0Z~(d) kauto 5x10°6 Sect. 3.2.2 R9
5 S0,(d) + OH(d) - S02~(d) kphoto 1x101? Sect. 3.2.4 R13
6 S0,(d) + 05(d) —» S02~(d) + 0, Kauto,0, 2x101 Sect. 3.3.1 R14
7 e_h + 03(d) » OH(d) + 0, kou o, 1x101? Sect. 3.3.1 R15
8  NO,(d) - NO3(d) Kautono, 6x105 Sect. 3.3.2 R18
9 e_h + NO,(d) -» HONO(d) ke nno, 6x1012 Sect. 3.3.2 R16
10 HONO(d) + hv - OH(d) + NO kéozvo JIHONO_to_oH] BK91, AB97 R17
11 NO,(d) + OH(d) » NO3(d) Kphotono, 1x1010 Sect. 3.3.2 R19

2 The unit of the chemical species (except dust) is molecule cm for both partitioning process and dust phase chemistry. The unit
of the dust for model input is mass concentration (ug m3) and is multiplied by a factor of 2.45 x 10% for simulation.
b The unit of reaction rate constants is s for the first order reactions and cm?® molecule™ s for the second order reactions.

kabs is uptake rate constant. Kans = ki @ fause.s p /4, where o = /8 RT/(m MW) (m s and fuyses p = 3.066 x 106 (m? pugt). R
is the ideal gas constant and MW (g mol?) is the molecule weight of chemical species.

kdes is desorption rate constant. kdes = k, exp e Fwater(1 + Ko /[H*1)), where Fuater is calculated using Eq. (8). [H*] is
T

dynamically calculated based on thermodynamic model (E-AIM I1) (Clegg et al., 1998;Wexler and Clegg, 2002;Clegg and
Wexler, 2011).

The rate constants (k) for dust phase reactions is k=kiexp(kz).

ké pand ki,ONO are photocatalytic reaction rates. The cross sections and quantum yields of dust are estimated (see Sect. 2.2).

¢ Coefficient Ka is acid dissociation constant (see Kdes).

4 The rate constant parameters, which are noted as “this study”, are determined using the simulation of indoor chamber data(Park
and Jang, 2016) (see Sect. 3). AB97, Atkinson et al. (1997); AR05, Adams et al. (2005); BK91, Bongartz et al. (1991); BK96,
Becker et al. (1996); CW84, Chameides (1984); HZ15, Huang et al. (2015); MUO3, Michel et al. (2003); Sc84, Schwartz (1984);
SW81, Schwartz and White (1981); US01, Underwood et al. (2001); WS09, Wagner et al. (2009).

¢ The reactions are noted with the numbers associated with the reaction in main text.
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Figure 1. The overall schematic of the AMAR model to simulate heterogeneous SO> oxidation.
For the description of chemical species, gas phase, aqueous phase and dust phase are symbolized
as “gas”, “aq” and “dust”, respectively. SO4>_T, H2SO4_gas, SO+*_aq and H2SO4_dust are the
total sulfate formation and the formation of sulfate from gas phase, aqueous phase and dust
phase, respectively. SO4>_d_salt and NOs™_d_salt are the neutralized sulfate and nitrate in dust
phase.
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Figure 2. Uptake coefficient (y) of SO2 in the presence of the ATD particles under dark condition
and UV light condition. The values of y were obtained by kinetic model using indoor
5 experimental data. The ygq2- ;5 IS correlated to concentration of OH radicals and RH (%). The

Ys02-,aark 15 @ function of RH. The error bar of y was derived from the model uncertainty.
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Figure 3. Time profiles of total sulfate concentration (SO4%, pg m=) in the UF-APHOR. “Exp”
denotes the experimentally observed sulfate ([SO4>]r) and “Model” denotes the model—predicted
sulfate. “H” and “L” represent the high and the low initial concentrations of chemical species. The
errors associated with the concentration of sulfate is +10% originated from the PILS-IC
measurement. (a) Sulfate formation with and without ATD particles (SO2 60 ppb vs. SO2 56 ppb
and dust 290 pg m). (b) The high and low loadings of dust particles (dust 90 pg m= and SOz 100
ppb vs. dust 404 pg m= and SOz 120 ppb). (c) The high and the low concentrations of SO2 (SO
119 ppb and dust 239 pg m= vs. SO2 272 ppb and dust 230 ug m3). For Fig. 3(a), 3(b) and 3(c),
the simulations included the chamber dilution and the wall process of gaseous compounds and
particles (Sect. S1). For Fig. 3(d), 3(e) and 3(f), the wall process for the particle loss was excluded
to estimate the influence of ATD particles on sulfate formation without the chamber artifacts. In
Fig. 3(d), 3(e) and 3(f), total sulfate was decoupled into the sulfate originated from dust chemistry
([SO+*]aust=[SO4*Tphoto+[SO4>Jauto). The pie charts inserted into Fig. 3(d), 3(e) and 3(f) illustrate
how total sulfate is attributed to major pathways at the end of the experiments.
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Figure 4. Time profiles of total sulfate concentration ([SO4%* ]+, pg/m?®) and nitrate concentration
(INO3°]+, ng m™) in the dual chamber experiments using UF-APHOR at different NOx levels.

The concentrations of sulfate and nitrate were measured using PILS-IC during the experiments.
The error bars of the concentration of sulfate and nitrate is £10% originated from the PILS-IC
measurement. The detailed experimental conditions of Fig. 4(a), Fig. 4(b), and Fig. 4(c) are
shown in Table 2. Figure 4(d) shows how total sulfate is attributed to aqueous phase reaction
(sulfate formation in gas phase + sulfate formation in inorganic salted inorganic agueous phase)
([SO4%]ag+[SO4>]gas), dust—phase autoxidation ([SO4>Jauto), and dust photochemistry ([SO4>
]photo) at the end of the experiments. “Exp” denotes the experimental observation and “Model”
denotes the simulation using the AMAR module. The chamber dilution and the wall process of
gaseous compounds and particles were included in the simulation (Sect. S1).

33



10

] [Sodz-huto a [5042-]photo O [5042-]aq+[so42-]gas

(a) Sensitivity to Temperature (b) Sensitivity to RH (¢) Sensitivity to Light Intensity

! ' 80%RH o
30 fos 273K so | °8 a4 25 | os Summer Sunlight
—25 2° " e o & 04 N
-:E_ 20 0.4 -:E_ 40 o4 Y\ -LE_ 20 o_é (I R
- 02 |
B 02 | f30 } ] Q\ ERL 5 Y
Lo oy ° A & &
+ 273K 298K > + 25RH 50RH 80RH < &
R0 | 208K | & 2° g1
5 | 10 9 5 Winter Sunlight
0 0 . 25%RH 0 ,
7 10 13 16 7 10 13 16 7 10 13 16
Time (EST) Time (EST) Time (EST)
o ) Sensitivity to SO, concentration 5o (€) Sensitivity to Dust concentration 20 (f) Sensitivity to NO, concentration
1 1 T
08 100ppbSO,| 45 [ .5 400 ug m3 08
50 a0 L+ 25 |
06 06
@235 foa 7 0.4 1
] =20
\fz 30 fo2 - E 02 | [
225 | O L5 o
““q 20 | : 2ppb  40ppb 100ppb
o L o 10
@ 15 b} -7
10 P —2ppb
5 5 e 40ppb
0 o Loe z— - = - 100ppb
7 10 13 16 7 10 13 16 7 10 13 16
Time (EST) Time (EST) Time (EST)

Figure 5. Sensitivity test of AMAR model to (a) temperature at 273K and 298K; (b) RH at 25%,
50% and 80%; (c) sunlight profiles of summertime (25 April, 2017) and wintertime (12 November,
2015) at Gainesville, Florida (latitude/longitude: 29.64185°/-82.347883°); (d) the concentration
of SOz; (e) the concentration of dust particles; and (f) the NOx concentration (initial NO:NO>=1:1).
The stacked column chart in each figure illustrates how total sulfate is attributed to major pathways
at the end of each experiment. For the sensitivity test, the chamber simulation is conducted with
100 ppb of initial SO, 2 ppb of initial NO,, 2 ppb of initial Oz and 200 ug m™ of ATD particles at
T = 298K and RH = 40% under ambient sunlight on 25 April 2017. NOx (rate of flux = 2.7 x 10°,
s'1) and isoprene (rate of flux = 2.7 x 108, s'1) were constantly added to simulate chamber dilution.
The simulation was performed without considering the particle loss to the chamber wall.
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