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Abstract. Elevated levels of atmospheric molecular chlorine (Cl,) have been observed during
daytime in recent field studies in China, but could not be explained by the current chlorine
chemistry mechanisms in models. Here we propose a Cl, formation mechanism initiated by aerosol
iron photochemistry to explain the daytime Cl, formation. We implement this mechanism into the
GEOS-Chem chemical transport model, and investigate its impacts on atmospheric composition
in wintertime North China where high levels of Cl, as well as aerosol chloride and iron were
observed. The new mechanism accounts for more than 90% of surface air CI, production in North
China, and consequently increases the surface air Cl, abundances by an order of magnitude,
improving the model’s agreement with observed Cl,. The presence of high Cl, significantly alters
the oxidative capacity of the atmosphere, with a factor of 20 to 40 increase in chlorine radical
concentration and 20% to 40% increase in hydroxyl radical concentration in regions with high
aerosol chloride and iron loadings. This results in an increase of surface air ozone by about 10%.
This new Cl, formation mechanism will improve model simulation capability for reactive chlorine

abundances in the regions with high emissions of chlorine and iron.
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Synopsis. The mechanism through which molecular chlorine reaches elevated daytime levels in
North China remains unclear. This study suggests aerosol iron photochemistry as the main

mechanism, with implications for air quality.

1. Introduction

Chlorine radicals (Cl) are strong oxidants in the atmosphere and can contribute to the
formation of ozone (O;) and secondary organic aerosols (SOA) through oxidizing volatile organic
compounds (VOCs). ! In addition, their reactions with greenhouse gases methane (CHy) and Os
and sulfate aerosol precursor dimethyl sulfide (DMS) in the troposphere have climate
implications.!6-872.73 Chlorine radicals are generated through photochemical chlorine chemistry
during daytime, involving a variety of chlorine species such as molecular chlorine (Cl,),
hypochlorous acid (HOCI), nitryl chloride (CINO,), chlorine nitrate (CINOj3), hydrogen chloride
(HCI), and chlorine monoxide (C10).%1° Over the past two decades, research has focused on CINO,
as a large source of chlorine radicals upon photolysis in the morning over both coastal and inland
regions.!!"13 Recently, high levels of Cl, (tens to hundreds of ppt) were observed during daytime
at multiple sites in China,!#!® indicating that CI, could serve as a significant daytime source of
chlorine radicals in the polluted environments, especially in the afternoon when CINO, levels
become low.

The main Cl, formation mechanisms in the troposphere are generally thought to be the

reactions of CINOs, CINO,, HOCI, and hydroxyl radicals (OH) with chloride on aerosols.!10:17
3
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Recently, Peng et al. 15 proposed photodissociation of aerosol nitrate as the dominant source of
daytime CI, observed in Hong Kong, which has not been included in the chemical transport model.
Cl, is photolyzed rapidly under sunlight and is therefore hard to accumulate during daytime
(lifetime < 10 minutes around noon at mid-latitudes). Previous modeling studies with the available
gas-phase and multiphase Cl, formation mechanisms have shown difficulties in reproducing
daytime Cl, observations in the field.#%!71° In particular, Wang et al.” showed that the GEOS-
Chem chemical transport model with detailed gas-phase and multiphase chlorine chemistry
scheme could not reproduce 1-2 ppt of daytime Cl, observed during the WINTER aircraft
campaign over Eastern US. Further, Chen et al.!” used a box model with comprehensive
observational constraints and found the traditional Cl, formation mechanisms underestimated the
observed Cl, by almost one order of magnitude around noon at a suburban site in East China. They
proposed aerosol photochemistry, involving iron (Fe) for example, as the daytime CI, missing
source, based on the correlation between daytime Cl, missing source with sunlight intensity and
aerosol abundance.!”

Indeed, previous laboratory studies have observed efficient Cl, production from photolysis
of aerosols or salt particles containing Fe(III) and chloride, and proposed Fe(Ill)-induced aerosol
photochemistry to account for Cl, production (R1-R11).20?! Based on ab initio calculations,
Mikkelsen et al.”* found that FeC1?* would not undergo photodissociation by sunlight at the Earth’s
surface. They suggested FeCl," as the most important species for Cl,q, production while FeCl; and

FeCly~ could also contribute to Cl(,q) production under typical atmospheric conditions at the Earth’s
4
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75  surface.”® Recently, van Herpen et al.?? further proposed aerosol iron photochemistry as the

76 dominant source of Cl, over North Atlantic where Sahara dust mixes with sea spray aerosol. In
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77  addition, the Fe(Ill)-induced photolytic Cl, formation was proposed as a method for industrial
12 78  water disinfection and waste water treatment>® and a geo-engineering method to remove
15 79  greenhouse gas methane (CH,).24?° Nevertheless, the impacts of Cl, produced through aerosol iron
18 80  photochemistry on the atmospheric composition over regions with high anthropogenic emissions

81  are yet to be investigated in a chemical transport model.

23 82  FeCl?* +hv—Fe?* + Cl,q (R1)
57 83 FeCly +hv—FeClt 4 Clg,q) (R2)
30 84  FeOH?* +hv—Fe?* + OH(,q (R3)
34 85 Fe(OH); +hv—FeOH™" + OH(,q) (R4)
37 86 Clgg) + Cl7=Cly (RS)
41 87 Clag +Clz=Cl +Cly (R6)

44 88  Cl; + Cl; =Cl3 + CI™ (R7)
47 89 Cl3=Cl, +CI™ (R8)

50 90  OHgaq + CI"=CIOH™ (R9)

ea 91 CIOH™ + H*=ClOHy g (R10)
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CIOHz(aq) —>Cl(aq) + Hzo (Rl 1)

In this study, the aerosol Fe(Ill)-induced photolytic Cl, formation mechanism was
implemented into the GEOS-Chem chemical transport model for the first time, and the impacts on
reactive chlorine budget, atmospheric oxidative capacity, and air quality in the North China
domain were assessed. This work highlights the potential of aerosol iron photochemistry serving
as a significant daytime CI, source in polluted environments and the need for more studies to better

quantify this source and the impacts on air quality in regions with high chlorine and iron emissions.

2. Method
2.1 GEOS-Chem model

We used the GEOS-Chem chemical transport model v12.9.3 with coupled ozone-NOx—
VOCs—aerosol-halogen chemistry®. The nested-grid version of the model has a horizontal
resolution of 0.25°x0.3125° over East Asia and 47 vertical levels (120-150 m thickness for the
first 12 layers) up to 0.01 hPa. We focus on the North China study domain ([110°-123.75°E, 30°-
42.25°N]) where concurrent field measurements of reactive chlorine and aerosol iron and chloride
were performed. The model is driven by GEOS-FP (forward processing) assimilated
meteorological data from the NASA Global Modeling and Assimilation Office (GMAO). The
boundary conditions were obtained from a global model run with 4°x5° horizontal resolution after

one-year spin up. The spin-up time for the nested-grid model runs was one month.
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The GEOS-Chem model has an extensive halogen chemistry scheme, including
comprehensive gas-phase and multiphase chlorine, bromine, and iodine reactions, as described in
details in previous studies.®?6-28 Briefly, the model considers 12 gas-phase inorganic chlorine
species (Cl, Cl1O, ClOO, OCIO, CINO,, CINOs;, HOCI, BrCl, ICIl, HCI, Cl,, Cl,0,) and aerosol
chloride at 2 size ranges (fine-mode <1 pm diameter and coarse mode >1 pm diameter). The
equilibrium between HCI and fine-mode aerosol chloride is calculated with ISORROPIA 11
thermodynamic equilibrium module implemented in GEOS-Chem.>? The gas-phase and
multiphase Cl, formation mechanisms used in our model are shown in Table S1. The gas-phase
Cl, formation mechanisms include CINO; + Cl, CIO + ClO, and CIOO + CI reactions. The
multiphase Cl, formation mechanisms include uptake of CINO;, HOCI, CINO,, and OH by
chloride-containing aerosols.

The Multiresolution Emission Inventory for China (MEIC) with a horizontal resolution of
0.25°%0.25° was used for Chinese anthropogenic emissions other than chlorine. The anthropogenic
emissions of HCI and fine-mode aerosol Cl~ over China with a horizontal resolution of 0.1°x0.1°
were added to the model, following a recent GEOS-Chem modeling study for the year 2014.230
We applied annual scaling factors for coal combustion and industrial sources based on the MEIC
inventory,?!' agricultural fires and residential biofuel sources based on the MODIS fire radiative
energy data,’?> and waste incineration sources based on the Chinese statistical data (National
Bureau of Statistics: www.stats.gov.cn; last access: 05/03/2024). The total anthropogenic

emissions of HCI and fine-mode C1~ over China were simulated to be 827 Gg Cl a™! in 2017 (129
7
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Gg Cl a’! from coal combustion and industrial processes, 299 Gg Cl a! from agricultural fires and
residential biofuel, and 399 Gg Cl a’! from waste incineration), compared to 932 Gg Cl a-! in 2013
(174 Gg Cl a’! from coal combustion and industrial processes, 507 Gg Cl a! from agricultural fires
and residential biofuel, and 251 Gg Cl a™! from waste incineration).? Sea salt Cl~ emissions were
based on Wang et al.>!? The fine-mode aerosol chloride concentration over China during the study
period (December 9-31,2017) is shown in Figure 1, with 8+6 pg m-3 simulated for the 29 sampling
sites in North China compared to 6+3 pug m- observed.

The Fe(IIl)-induced photolytic Cl, formation mechanism was implemented into the model,
based on previous chamber experimental results.?? Only fine-mode aerosols were considered to
initiate Fe(III)-induced photolytic Cl, production, as they were used in the chamber experiments?®
and fine-mode aerosols have longer lifetime that allows Fe3* and CI~ to mix in the aerosols.333
The production rate of Cl, (d[Cl,]/dt: cm™ s!) was assumed to be a function of NO, photolysis
frequency (jnoz: s7), aerosol Fe(III) concentration ([Fe**]: mol I'!), aerosol chloride concentration

([CI"]: mol I'Y), and aerosol surface area concentration (S: um? cm3), as shown in E1.

d[Cl;]
dt

= ajnoz[Fe**][CIT]S (E1)

where o (=1.4x10° um2 M) is a scaling factor obtained based on previous experimental results?®
(Supplementary Information Text SI). jno, was used to represent sunlight intensity, as it was
reported in the experiments.?’ The dependence of Cl, production rate on aerosol surface area
concentration follows Wittmer et al.?%, but more experiments are needed to investigate this effect

in the future. Both anthropogenic Fe and mineral dust Fe are simulated in the model, following
8
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previous GEOS-Chem modeling studies.?33¢ Anthropogenic emission of Fe ([Fe].n) was assumed
to be 1/30 of anthropogenic primary sulfate emission due to their similar sources (power plants,
industry, residential and transportation), and mineral dust Fe ([Fe]q,s) was assumed to be 3.5% of
total dust mass.?> Mineral dust includes both natural dust in four size bins (radius of 0.1-1.0, 1.0—
1.8, 1.8-3.0, and 3.0-6.0 um) and anthropogenic dust released from road, residential, and
commercial construction and combustion in one size bin (radius of 0.1-1.0 um).?’ In the default
GEOS-Chem setup, the soluble fraction of Fe was assumed to be 10% for [Fe],, and 1% for
[Felaus.>® The soluble fraction of [Fe],, was found to vary from 0.06%-81% in previous studies.?3-°
In previous laboratory experiments, the soluble fraction of Fe reaches 74% for oil fly ash, 4% for
coal fly ash, 26% for biomass burning aerosols, and 4% for Chinese loess (from Shanxi) after 12
h in acidic solution, suggesting an increase of iron solubility when aerosols undergo chemical
processing during atmospheric transport.*’ In order to better match PM, 5 soluble Fe observations
at Beijing [40.00°N, 116.35°E] and Handan [36.57°N, 114.50°E] during part of the study period,*!
we increased the solubilities of [Fel., and [Felq by a factor of 4, resulting in 31% model
underestimation in Beijing and 69% model overestimation in Handan (Table S2). The Fe3* fraction
of soluble Fe (fre3+ = Fe3*/(Fe3™ + Fe?")) was assumed to be 67% during daytime, based on the
aerosol samples collected from the Asian continental outflow during daytime (67+8%)33 and loess
samples collected from the Shanxi region of the Chinese loess plateau (67%).4> Note that fre3- in
ambient aerosols could be highly variable (0~100%), due to a series of complex processes

involving sunlight, oxidizing compounds (e.g. HO,, 0,7, H,O,, O3), and ligands (e.g. oxalate,
9
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formate).*>** More field observations are needed in the future to better constrain fre3+ in different
environments. The speciation of Fe depends on aerosol acidity, which is discussed in Section 3.5.
Sulfate and organics in the aerosols were found to suppress Fe(Ill)-induced photolytic Cl,
production?!, as discussed in Section 3.5. The acidity and suppression effects are not considered
in this study and should be further quantified through laboratory experiments in the future.

The mechanisms for aromatic chemistry developed by Bates et al.* and C,H, and C,H,
chemistry developed by Kwon et al.*® were implemented into the model. Following Wang et al.,?
formation of secondary organic aerosols (SOA) from oxidation of VOCs by Cl radicals is not
included in the model due to large uncertainties involved in these processes. The GEOS-Chem
default “simple SOA” scheme was used, which assumes that SOA are produced from
anthropogenic and biogenic volatile organic precursors on a timescale of one day with fixed
yields.#*8 The “simple SOA” scheme has shown good ability to simulate organic aerosol
observations globally.*®4° Following Shah et al.,>° we used yno,=1%10- for aerosol uptake of NO,
to better simulate HONO and NO, in North China. Following Jaegle et al.,’! we assumed HONO
as the only product of aerosol uptake of NO,, to be consistent with laboratory studies showing that
HONO is the main product especially under sunlight and some formation of the absorbed HNO;

could be released back as NO, or NO.32-34

2.2 Observational data

10
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A field campaign was conducted at the SRE-RCEES station ([38.66°N, 115.25°E], Fig. 1a) in
Wangdu County during December 9-31, 2017.'% The sampling site located in an agricultural field
that could be impacted by emissions from road traffic and rural household coal burning for heating
and cooking. During the campaign, reactive halogens and other trace gases as well as aerosols and
meteorological parameters were measured. Cl, was measured with an iodide-adduct quadrupole
chemical ionization mass spectrometer (Q-CIMS, THS Instruments, GA, USA), with a detection
limit of 3 ppt and an uncertainty of 25%.!4 The isotopic ratio (m/z 199 vs. m/z 197) of the ambient
Cl, signals (0.63) was in good agreement with the natural abundance (0.65).4 PM, 5 total iron (Fe)
concentration was measured by an elemental analyzer (Xact 6251, CES), using energy dispersive
X-ray fluorescence technique with a time resolution of one hour. PM, 5 Cl~, as well as SO4>~, NOs ",
NH," and organics, were measured by a Time of Flight-Aerosol Chemical Speciation Monitor
(Tof-ACSM, Aerodyne Inc.). Other measurements during the field campaign include jno,, aerosol
size distribution and number concentrations, temperature (7), relative humidity (RH), Oz, NO,,
NO, NHj3;, SO, and CO mixing ratios, which have been described in Peng et al.'* The wet aerosol
surface area concentration was calculated in Peng et al. 14 considering the chemical composition-
based aerosol hygroscopicity in the North China region®® and RH-dependent growth factors’.
During the study period (December 9-31, 2017), PM, s samples were collected daily at 28 sites in
North China (“2+26” cities) from 9 a.m. to 8 a.m. next day.>> The locations of the 28 PM; s
sampling sites and the Wangdu site are shown in Figure 1a. The total iron concentrations in the

PM, s samples were measured with inductively coupled plasma mass spectrometry (ICP-MS,
11
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Agilent Technologies), with a low detection limit (0.003 pg m=). The Cl-, SO4>, NO;~, NH4*
concentrations in the PM; s samples were measured with ion chromatography, with low detection

limits ranging from 0.003 to 0.032 pg m=3.33

3. Results and Discussion
3.1 Aerosol chloride and iron abundances

Figure la shows the average fine-mode aerosol chloride mass concentration ([CI7]) in
surface air over the North China domain during the study period (December 9-31) in the model
run considering aerosol iron photochemistry (RUNg.). Hot spots of aerosol chloride are expected
in the central region (Hebei, Hubei, and Shandong Provinces) due to anthropogenic emissions from
coal combustion, biomass burning, and waste burning, as discussed in Fu et al.?* and Wang et al.?
The model (RUNFE,) is able to reproduce the spatial and daily variabilities of [Cl7] (Fig. 1). The
average modeled [CI7] is 8.3+5.7 pg m™3 for the 29 sampling sites in North China during the study
period, on average 50% higher than observed PM, s [C17] (5.6£3.1 pg m3) (p < 0.01). The model
overestimation of [C]l7] mainly occurred during PM, 5 episodes around December 14, 22, and 28
when PM, 5 concentrations were also overestimated by the model (Fig. 1¢). The model-observation
discrepancy for individual sites is generally within a factor of two (Fig. 1b). In addition, the diurnal
variability of [Cl7] at the Wangdu site is reproduced by the model (Fig. 4c), with higher
concentrations at night and lower concentrations during daytime due to ventilation in the

atmospheric boundary layer. Considering the limited knowledge of anthropogenic chlorine
12

ACS Paragon Plus Environment

Page 12 of 49



Page 13 of 49

oNOYTULT D WN =

230

231

232

233

234

235

236

237

238

239

Environmental Science & Technology

emission inventory in China3-3%7!, our model seems to reasonably simulate observed [C1 ] in North

China during the study period.
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Figure 1. (a) Modeled (RUNFE,) fine-mode aerosol chloride concentrations ([Cl7]) in North China
overplotted with observed PM, 5 [Cl7] at 29 sites, both averaged during the study period (December
9-31, 2017). (b) Scatter plot of modeled versus observed [Cl7] for the 29 sites in North China
shown in (a), with three dashed lines as 2:1, 1:1, and 1:2 ratios. (c) Daily variability of the observed
and modeled [CI"] and [PM; 5] for the 29 sites averaged in North China during December 9-31.
The Wangdu site is highlighted as a diamond symbol in (a) and (b).
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During the study period, the total Fe concentration was measured for PM, s samples
collected at 29 sites in North China, with an average of 1.0+0.7 ug m=. In comparison, the total
Fe mass concentration of PM, (diameter < 2 um, size of fine-mode dust in GEOS-Chem?7) is
modeled to be 0.9+0.5 pg m on average for the 29 sites in North China during the study period
in RUNE,, similar to observations (Fig. 2). Our model shows relatively good performance for [Fe]
compared to a previous study with 40% model-observation discrepancy in North China3¢. The
daily and diurnal variabilities of total Fe are generally reproduced by the model (Figs. 2¢c and 4d).
The discrepancy between modeled and observed total Fe is generally within a factor of two (Fig.
2b). During part of the study period (December 21-31, 2017), the soluble Fe concentrations were
measured for PM; 5 collected at Beijing and Handan,*' which are about 150 km to the northeast
and 250 km to the southwest of the Wangdu site, respectively. The solubility of aerosol Fe is on
average 4.6% in Beijing and 4.5% in Handan observed, compared to 5.7% in Beijing and 6.6% in
Handan modeled. The aerosol soluble Fe concentration is underestimated by 31% in Beijing and
overestimated by 69% in Handan in the model due to the discrepancy between modeled and

observed aerosol total Fe at these two sites (Table S2).
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Figure 2. (a) Modeled (RUNFE,) fine-mode aerosol total Fe concentrations ([Fe]) in North China
overplotted with observed PM,s [Fe],: at 29 sites, both averaged during the study period
(December 9-31, 2017). (b) Scatter plot of modeled versus observed [Fe]y, for the 29 sites in North
China shown in (a), with three dashed lines as 2:1, 1:1, and 1:2 ratios. (c¢) Daily variability of the
observed and modeled [Fe] for the 29 sites averaged in North China during December 9-31. The

Wangdu site is highlighted as a diamond symbol in (a) and (b).

The discrepancy between modeled and observed aerosol total Fe could be due to the model
uncertainties of mineral dust aerosols caused by geographical variation of aerodynamic roughness
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length, smooth roughness length and soil texture, the feedback between saltation process and
friction speed, and the sandblasting efficiency>° as well as anthropogenic dust source.?” In addition,
the anthropogenic Fe emissions could be a factor of 3-4 higher if an upper limit of anthropogenic
Fe emission factor is used.? The aerosol Fe solubility is also uncertain. The solubility of Fe ranged
from 0.05% to 1% with an average of 0.45% in total suspended particulates (TSP) collected in
Dunhuang, China that is heavily affected by sandstorm from Kumtag Desert and Taklamakan
Desert.’”-38 In addition, the soluble fraction of anthropogenic Fe could vary from 0.06%-81%.38-3°
The solubility of aerosol Fe could change during long-range transport in the atmosphere.3%40
Considering the larger uncertainties of aerosol total Fe and its solubility, it is challenging for the

model to reproduce observations, and our model results seem reasonable (Fig. 2 and Table S2).

3.2 Contribution of aerosol Fe(I1I) photochemistry to Cl, production

In the base run (RUNpg,s) without the aerosol Fe(Ill)-induced photolytic Cl, source, Cl,
mixing ratios are generally below 1 ppt in surface air in the North China domain during the study
period (Fig. 3a). This is consistent with previous modeling studies showing low Cl, abundance in
China and around the world with the up-to-date gas-phase and multiphase Cl, formation
mechanisms.»%1017.19 Reaction of OH with chloride on aerosols makes the largest contribution
(50%) to CI, production in surface air in North China in RUNg,, followed by reactions of HOCI
(27%), CINO, (11%), and CINO; (11%) with chloride on aerosols (Fig. 3b). The gas-phase

mechanisms (CINO; + Cl, CIO + ClO, and ClIOO + ClI reactions) account for only 0.02% of Cl,
16
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production. CINO, is the dominant reactive chlorine species in the atmospheric boundary layer
while CINOj; becomes dominant in the upper troposphere (Fig. 3¢). High CINO, in the atmospheric
boundary layer is due to uptake of N,Os by chloride-containing aerosols while high CINO; (from
CIlO + NO, reaction) in the upper troposphere is related to stratospheric transport and slow
hydrolysis.!0

After implementing the Fe(III)-induced photolytic Cl, formation mechanism into the model
(RUNEe), Cl, mixing ratios increase by an order of magnitude in surface air in North China (Fig.
3d). The average surface air Cl, mixing ratio in North China increases from 0.5 ppt in RUNg, to
5.0 ppt in RUNE,. Large CI, enhancement is found in the regions where aerosol iron and chloride
abundances are high (Figs. 1 and 2). On average, the Fe(Ill)-induced photolytic Cl, formation
mechanism accounts for 91% of Cl, production in surface air in North China during the study
period, followed by reactions of HOCI (4%), OH (3%), CINO; (1%), and CINO, (1%) with
chloride on aerosols (Fig. 3e). The Fe(Ill)-induced photolytic Cl, formation mechanism is most
efficient in the boundary layer where aerosol iron and chloride abundances are the highest due to
emissions at the ground level (Fig. 3f). The large enhancement of Cl, in RUNE, not only occurs in
the surface air, but also extends higher up in the atmospheric boundary layer (Fig. 3f).
Measurements of Cl, and aerosol iron and chloride at different altitudes (e.g. using aircraft) are
needed in the future to evaluate the vertical impacts of the Fe(Ill)-induced Cl, formation

mechanism.
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Figure 3. The average surface air Cl, mixing ratios (a, d), the percentage of surface air Cl,
produced through different pathways (b, e), and the vertical distribution of reactive chlorine
species (c, f) during the study period. The upper panels (a, b, ¢) are for RUNg, and the lower
panels (d, e, f) are for RUNEg.. The “Others” reactive chlorine species in the right panels include

Cl, Cl10, CIO0, OCIO, CI,0,, BrCl and ICI.

3.3 Model comparison with observations at the Wangdu site
During the field campaign at the Wangdu site (Fig. 1a) in North China from December 9-
31, 2017, the observed Cl, mixing ratio ranged from below detection limit (3 ppt) to 295 ppt, with

an average of 48+51 (1o) ppt during daytime and 28+35 (1o) ppt at night (Figs. 4e and 5). The
18
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observed Cl, generally showed a noontime peak (Fig. 5), suggesting significant photolytic Cl,
production. In RUNg,s, modeled versus observed Cl, is only 1/83 during daytime and 1/96 at night
on average during the field campaign at Wangdu (Fig. 5). This is consistent with previous
modeling studies showing that traditional gas-phase and multiphase Cl, formation mechanisms
significantly underestimate Cl, production in China and United States.*%!%17 In comparison, in
RUNp,, modeled versus observed Cl, is on average 1/3 during daytime and 1/2 at night, showing
model’s ability to simulate the magnitude of observed Cl, but discrepancy still exists, especially
during daytime (Figs. 4e and 5). In RUNE,, Cl, increased after sunrise due to Fe(Ill)-induced
aerosol photochemistry and reached about 25 ppt at noon. As shown in Figure 3e, most of the Cl,
is produced from Fe(IlI)-induced aerosol photochemistry during daytime. This strong daytime Cl,
source from Fe(Ill)-induced aerosol photochemistry maintains Cl, levels of 10-30 ppt during
daytime when Cl, is otherwise rapidly photolyzed (lifetime of 17 min around noon). It also
improves the model’s performance for Cl, at night when rapid photolytic Cl, loss disappears after
sunset (Fig. 5).

The NO, photolysis frequency, aerosol chloride, aerosol Fe(Ill), and aerosol surface area
concentrations are important factors for Fe(IlI)-induced photolytic Cl, production. At the Wangdu
site during daytime, the model (RUNFE,) can basically reproduce the diurnal pattern of observed
JNo2, With 17% model overestimation (Fig. 4a). The model overestimates observed aerosol chloride
and aerosol total Fe mass concentrations by 63% and 29% on average during daytime, respectively

(Figs. 4c-d). The model overestimates the aerosol surface area concentration by a factor of 3 on
19
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average during daytime (Fig. 4b). The model overestimation of aerosol surface area concentration
could be due to model overestimation of aerosol growth factor calculated using the aerosol water
content from the ISORROPIA thermodynamic module. The overestimation of aerosol water
content could lead to underestimation of chloride and Fe(Ill) molar concentrations, and
subsequently inefficient Cl, production from Fe(Ill)-induced aerosol photochemistry. In
particular, the model (RUNE.) overestimates observed daytime aerosol surface area concentration
by a factor of 12 (12440 um? cm modeled versus 930 pm? cm observed) on December 29, while

it underestimates observed daytime Cl, by 84% (3.4 ppt modeled versus 20.8 ppt observed).
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1
2
3
4 348  Figure 4. Comparison of modeled and observed Cl, as well as key factors for aerosol iron
5
6
7 349  photochemistry (jnoz, SA, [CI7] and [Fe]y,) at the Wangdu site during the study period (December
8
?o 350  09-31,2023). The grey shading in (e) represents measurement uncertainties of Cl,. In (e), the linear

12 351  regression R? value for modelled versus observed Cl, is 0.06 for RUNpg, and 0.01 for RUNpgg.

15 352
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-

33 354  Figure 5. The diel pattern of Cl, observed and modeled. The mean (solid lines), median (dash
35 355 lines), 25% and 75% percentiles (shadings) are shown.

38 356

41 357 Both RUNg,s. and RUNE, can reasonably simulate the daily and diurnal variations of the
358 air temperature, relative humidity, NO, NO,, Os;, PM;; nitrate, sulfate and ammonium
46 359  concentrations at the Wangdu site (Fig. S1). However, both model runs overestimate observed NO
49 360 and underestimate observed O; in general. On average, NO is overestimated by 78% in RUNg,e
5o 361 and 71% in RUNE,, respectively (Fig. S1c). As a result, O3 is on average underestimated by 58%
>4 362 in RUNg, and 51% in RUNE,, respectively (Fig. Sle). In comparison, the discrepancies between
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modeled (33114 ppt in RUNpg,, and 35+15 ppt in RUNg.) and observed NO, (30£14 ppt) are

smaller (Fig. S1d).

3.4 Impacts on atmospheric oxidative capacity and air quality

The Cl radical concentration is typically on the order of 10?> cm in North China in RUNpgg,
but increases to 103 cm™ in RUNg, due to the increase of Cl, (Fig. 6). This is consistent with a
previous regional modeling (CMAQ) study showing 103-10* cm Cl concentration in North China
during summer with daytime Cl, on the order of tens to hundreds of ppt. In RUNg,, CINO,
photolysis accounts for most (83%) of Cl radicals in North China, followed by Cl, photolysis
(11%), HCI+OH reaction (4%), and HOCI photolysis (2%). In contrast, in RUNFE,, Cl, photolysis
becomes the dominant (65%) CI source in North China, followed by CINO, photolysis (32%),
HCI+OH reaction (2%), and HOCI photolysis (1%). Cl, photolysis acting as the dominant source
of Cl radicals has been observed in previous field studies in China where tens to hundreds of ppt
daytime Cl, was observed.!3-!7 As a result of VOCs oxidation by Cl, the OH radical concentration
increases by 9% on average in the North China domain during the study period, and typically 20-
40% 1in the central part of the domain (Fig. 6). Oxidation of VOCs by Cl radicals produces peroxy
radicals (RO,), which further produces HO, and OH radicals in the presence of NO,.!>!415 The
slight decrease of OH in the northern part of the domain is a result of reactive chlorine chemistry

converting OH/HO, to CI/C1O.! The enhancement of Cl and OH abundances together increase the

22

ACS Paragon Plus Environment

Page 22 of 49



Page 23 of 49 Environmental Science & Technology

382  reactivities of ethane, propane, methanol, ethanol, >C; alkenes, and toluene by 60%, 50%, 35%,

383 19%, 7%, and 6% on average, respectively, in surface air in North China.
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41 386  Figure 6. Impacts of aerosol Fe(Ill)-induced photolytic Cl, source on chlorine radical (Cl),
387  hydroxyl radical (OH), ozone (O3), and fine particulate matter (PM, 5) concentrations in surface
46 388  air during the study period. Concentrations of species in both RUNp,. and RUNg, are shown. The
49 389  percentage differences are calculated as (RUNg, — RUNp)/RUNRgge.
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The production of peroxy radicals from oxidation of VOCs by Cl radicals can contribute
to O; formation in the NO, polluted environment.'-* On the other hand, Cl reacting with O3 and
ClO reacting with NO, can initiate the removal of O; and NO, >!? and the OH produced from Cl
oxidation can also contribute to the removal of NOy through the NO, + OH reaction. In wintertime
North China with high VOCs and low Os, the fraction of ClI reacting with O; is generally lower
than 20% (Fig. S6) so that Cl reacts with VOCs to generate Oz. With the Fe(IlI)-induced photolytic
Cl, added to the model, surface air O; generally increases by <20% (on average 10%) in North
China (Fig. 6), while NO, generally decreases by <5% (on average 3%) (Fig. S2). This is consistent
with a previous regional modeling study showing <10% increase of O3 in North China during
summer with the modeled daytime Cl, increasing from near zero to hundreds of ppt.*

The implementation of the Fe(Ill)-induced photolytic CI, source in the model results in an
increase of surface air PM; 5 concentration in North China by only 3% on average (Fig. 6), mainly
caused by the increase (10% on average) of aerosol nitrate concentration (up to 4 ug m-) (Fig. S3-
S4). The increase of nitrate is mainly due to the enhanced nitrate production rate from NO, + OH
and N,Os hydrolysis in RUNEg.. The increase of nitrate results in an increase of ammonium by 6%
on average in North China (up to 1 pg m) through the formation of NH4NOj3 in the ISORROPIA
thermodynamic system (Fig. S3-S4). Sulfate shows negligible (<0.3 pg m?3) change in RUNE,
compared to RUNg, (Fig. S3-S4). The impact of the Fe(IIl)-induced photolytic Cl, on SOA was
not investigated in this study, as our model used a fixed-yield approach for SOA formation (default

setup) and did not include SOA formation from oxidation of VOCs by Cl radicals, as explained in
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Section 2.24748 This should be investigated in the future, as the Fe(IlI)-induced photolytic Cl, has

significantly enhanced the Cl radical concentrations and subsequent VOCs oxidation.

3.5 Uncertainties and Implications

The uncertainties of aerosol Fe(Ill) and chloride as well as aerosol surface area
concentrations and sunlight intensity will affect the amount of Cl, produced via aerosol iron
photochemistry, as shown in previous sections. It is challenging to quantify these uncertainties due
to sparse observational data. We have used aerosol soluble iron concentration measurements at
two sites in North China as observational constraints, with model underestimation of 31% in
Beijing and model overestimation of 69% in Handan (Table S2). Measurements at more sites will
be needed in the future for better constraints. The Fe(III) fraction of aerosol soluble iron was not
measured in North China, but we have used the value obtained from Asian continental outflow
daytime aerosol samples, with an uncertainty of 12%.3* Considering uncertainties of both aerosol
soluble iron concentration and Fe(III) fraction, we estimate 0.5[Fe3*] and 1.6[Fe®*] in the current
model run as the lower limit and upper limit, respectively. Aerosol chloride concentration is
overestimated by 50% on average for the 29 sites in North China. Thus, we estimate 0.7[Cl"] and
[CIT] in the current model run as the lower limit and upper limit, respectively. Then, considering
uncertainties of both [Fe*'] and [Cl], the lower limit and upper limit of Fe(Ill)-induced Cl,
production rate are estimated to be 35% and 160% of the current model results, respectively.

Aerosol surface area concentration could be highly uncertain and it is associated with the model’s
25
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performance of aerosol thermodynamics, which also affects aerosol acidity and solute
concentrations. The aerosol surface area concentration is overestimated by a factor of 3 at the
Wangdu site during daytime, but measurements at more sites are needed to better assess the model
performance. jno; 1s overestimated by 17% at the Wangdu site. Photolysis of NO, occurs in the
solar radiation spectrum’’ of 290-430 nm while photolysis of Fe(IIT)-Cl (mostly FeCl,") is active
in the range of 400-530 nm. 7* Thus, field measurements of actinic flux over 400-530 nm in the
future will be useful to constrain the Fe(Ill)-induced Cl, formation mechanism.

Our parameterization of Fe(IlI)-induced photolytic Cl, formation mechanism is simplified
and does not consider suppression effects of sulfate and organics. It has been shown in laboratory
experiments that sulfate and organics inhibit Fe(IIT)-induced photolytic Cl, production.?! Sulfate
can react with Fe(Il) to form FeSO, complex, interrupting the regeneration of Fe(Il) to
Fe(III).21-69-7475 Sulfate can also react with Fe(Ill) to form FeSO,* and Fe(SO,),~ complexes,
reducing the availability of Fe(II) to form Fe(IIT)-Cl complexes. 21:6%-7475 The organics present in
aerosols such as oxalic acid and catechol could form stable complexes with Fe(III) to diminish the
Fe(III)-Cl complexation.?!:’87 Organics can also react with OH,q), Claq), and Cl,~ radicals within
aerosols to intervene Cl, formation.%8! In addition, previous laboratory experiments showed that
black iron-catechol complex could form within aerosols and intervene photolysis of Fe(III)-Cl
complexes.?! Further investigation is necessary to quantify the suppression effects of sulfate and

organics on Fe(Ill)-induced photolytic Cl, formation.
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Aerosol acidity can affect the solubility and speciation of Fe(IIl). The solubility of Fe(III)
increases as pH decreases.®! Both Fe(IIT)-Cl and Fe(IlI)-hydroxy complexes can produce Cl, (R1-
R11), but Fe(III)-Cl complexes are more photoactive in generating aqueous phase Cl radicals while
Fe(Ill)-hydroxy complexes produce aqueous phase Cl radicals indirectly through generating
aqueous phase OH radicals.?%-21.23 At lower aerosol pH, especially < 4.5, the Fe(III)-Cl complexes
are expected to be the dominant form of Fe(III).2%7* Formation of FeSO," complex is also
facilitated at such low aerosol pH.”* However, at aerosol pH > 4.5, the fraction of Fe(III)-hydroxy
complexes increases while the fraction of Fe(III)-Cl complexes decreases rapidly.2%74 The aerosol
pH was estimated in the model to range from 2.1 to 6.3 in surface air of the study domain, with an
average of 4.3+1.0 (Fig. S5). Based on the soluble aerosol Fe as well as single particle
measurements in North China during part of the study period (December 21-31, 2017), Zhu et al.#!
suggested that the Fe-containing aerosols were mainly smaller than 1 pm and have undergone
acidic processes. Aerosol particle acidity could increase with decreasing particle size such that pH
of smaller particles could be lower than the bulk particle pH.%> ¢ Since the actual pH of Fe-
containing aerosols and the effect of pH on the Fe(IlI)-induced CI, production rate have not been
quantified, we did not include the pH effect on Fe(Ill)-induced Cl, production in this study. This
should be further quantified in laboratory experiments in the future.

Recently, Peng et al.!> proposed that aerosol nitrate photolysis could initiate Cl, production

at coastal Hong Kong when aerosol pH is < 3.3 (R12-R15, R5-R11). The generation of OH,q) from
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nitrate photolysis in aerosols is accelerated by acidity,!>’® and the Cl, production initiated by

OH(yg) 1s also acidity dependent (R5-R11).

NO3 +hv—=0~ + NOypq  (vield ~0.01) (R12a)
~0(aqy + NO7  (yield ~0.001) (R12b)
0~ + H*=0H,q) (R13)
NOz + H*=HONO (o) (R14)
HONO (4, +hv—>NO 4y + OH(aq) (R15)

The aerosol pH calculated by the ISORROPIA thermodynamic module in GEOS-Chem was
on average 4.3+1.0 in the study domain (Fig. S5) due to high ammonia (NH;) emissions from
agriculture.®+% Nevertheless, as discussed previously, aerosol pH could be lower in Fe-containing
aerosols.*! The Cl, production mechanism of nitrate photolysis was not included in this study.

In addition, uptake of O3 by aerosols was previously proposed to explain the high Cl, observed
in North China.* However, the uptake coefficient of O3 (yo3) is highly uncertain. From previous
laboratory experiments, yo3 was < 1x10* for deliquesced NaCl aerosols,® but could increase to
3x10-2 when NaCl was mixed with FeCl; %7 Recent experiments by Faxon et al.®® showed that yo;3
could reach 1x10-3 on deliquesced pure NH4Cl aerosols but decrease to 1x10- in the presence of
SOA. Qiu et al.# used a high yo3; (1x10-3) during daytime and a low yo3; (1x107) at night in their
CMAQ chemical transport model to simulate the high daytime CI, and low nighttime CI, observed

in Wangdu in North China during summer. However, it is unclear why yo3 would differ by two
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orders of magnitude between daytime and nighttime. Recently, Chen et al.!” used a box model to
simulate Cl, formation at a suburban site in East China and found that using yo3 = 1x10-3 would
reproduce the observed daytime CI, of about 10 ppt but overestimate nighttime Cl, by a factor of
6. Using yo3 = 1x1073, their model overestimated observed Cl, by almost two orders of magnitude.
Due to the large uncertainties in yo3; and that it would either over-predict nighttime Cl, production
or under-predict daytime Cl, production if the same yo; is used throughout the day, the O; uptake
mechanism was not included in our model.

In summary, the Fe(Ill)-induced photolytic Cl, formation mechanism was implemented into
a chemical transport model, and its impacts on atmospheric Cl, budget, oxidative capacity, and air
quality in wintertime North China were examined. The model generally shows good performance
in simulating the average aerosol iron and chloride concentrations observed at 29 sites in the study
domain. The Fe(Ill)-induced photolytic Cl, formation mechanism, accounting for more than 90%
of CI, production, causes an order of magnitude increases in Cl, in surface air in North China.
With the Fe(Ill)-induced photolytic Cl, formation mechanism, the model better simulates Cl,
observed at the Wangdu sampling site, but still underestimates daytime values a factor of 3 on
average. The Fe(Ill)-induced photolytic Cl, formation mechanism is uncertain, and further
investigations are needed to quantify the effects of aerosol acidity, sulfate, and organics. More
field measurements of aerosol Fe(IIl) and chloride concentrations as well as aerosol surface area

concentration in different environments and at different altitudes are also needed to better constrain
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this CI, formation mechanism. This study offers new insight into the high daytime Cl, production

in polluted environment.
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