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Sea-spray aerosols (SSAs) contribute to atmospheric loading, bringing toxic compounds like mercury (Hg)
to the atmosphere, affecting the climate and human health. Despite their importance, the investigation into
surface modification, including heterogeneous chemical and photochemical reactions of SSAs, is limited. In
this work, we studied the heterogeneous chemistry and photochemistry of a single suspended SSA particle
and a SSA containing Hg(n) in a reactive environment using optical trapping — Raman spectroscopy. The
experiments are focused on the study of hygroscopicity, heterogeneous chemical reaction with ozone
(O3), photochemical reaction with UVC radiation of an optically suspended single SSA particle, and
photo-reduction of Hg(i) in SSAs under UVC radiation. Results show different Raman signal responses of
a single SSA particle when it is optically trapped in air under varying relative humidity conditions as the
aerosol particle uptakes and loses liquid water from the surrounding environment. The state and size of
the aerosol are determined through the on-time images and different single-particle Raman spectral
features. Results also show that the formation of chlorate (ClOz™) is a reaction product of the
heterogeneous reaction between the SSA particle and Osz. The photochemical reaction products, as the
SSA particle suspended in air under UVC radiation, are ClOs~ and perchlorate (ClO47). Further, we
observed that these reactions occur only on the surface of the SSA particle. Based on the results, we
hypothesize that Hg(i) can be photo-reduced to Hg(i) in SSAs through UVC radiation, and the amount of
rsc.li/esatmospheres Hg(l) in SSAs is minor and balanced between the photo-oxidation and photo-reduction reactions.
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Environmental significance

Sea-spray aerosols (SSAs) are an important component of atmospheric aerosols. The physical properties of SSAs, including hygroscopic properties, phase
transitions, and component composition, have been well studied. However, the chemical temporal evolution, particularly surface modification, including
heterogeneous chemical reactions and photochemical reactions, is less reported. This is a significant part of the aerosol's transmission in the atmosphere.
Better understanding of their temporal evolution benefits actions on climate change, as well as disease control and prevention. We studied a single suspended
SSA particle under a reactive environment using optical trapping, which simulates the behavior that might occur through a mitigation process of Hg(u). In
particular, we studied the heterogeneous chemical reaction with O3, the photochemical reaction with UVC light, and the photo-reduction of Hg(u) in SSA. This
work casts new insights into our understanding of the chemical reactions that occur on the surface of SSAs and Hg(u)-contained SSAs in air and serves as
a reference for subsequent studies.

1. Introduction and hu.man health."”® Studies associated with the physicr.all
properties of a sea-spray aerosol (SSA), such as hygroscopic
Sea spray is a dominant source of atmospheric aerosol loading properties,*'®  phase transition,”™ and component
formed in the marine boundary layer (MBL) and transmitted —composition,**** have been widely reported. However, the
through wind and waves, influencing the climate, air quality, —chemical reactions that occur on the surface of SSAs are less
well studied. Sea spray is suspended in air and transmitted from
the MBL to the atmosphere with gaseous reagents or air
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can change the chemical composition of the surface of SSAs.

© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2024, 4, 911-924 | 911


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ea00053f&domain=pdf&date_stamp=2024-08-07
http://orcid.org/0000-0002-9332-6987
http://orcid.org/0000-0003-0220-2725
https://doi.org/10.1039/d4ea00053f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ea00053f
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA004008

Open Access Article. Published on 18 June 2024. Downloaded on 6/12/2026 9:50:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

Furthermore, SSA's surface properties are continuously influ-
enced by solar radiation via photochemistry processes.”
Without knowing the chemical composition changes or reac-
tions that occur on the surface of SSAs, understanding the
atmospheric behavior and environmental impacts of SSAs
remains challenging.

SSAs are composed of a variety of inorganic and organic
compounds.***%** Despite the complex composition, the major
components are water and NacCl, which play significant roles in
aerosol size, state, and morphology. Hygroscopicity is an
important physical property of NaCl aerosol. A suspended
aerosol particle in air continues to absorb or lose water from the
ambient environment.** The amount of water that an aerosol
particle contains is mainly determined by its environmental
relative humidity (RH) which influences significantly the prop-
erties of the aerosol particle such as size.®"*?**> When the RH
decreases, the suspended SSA in air shrinks due to water
evaporation and eventually crystallizes at a threshold RH value.
This process is efflorescence, and the threshold RH value is
termed efflorescence RH (ERH). The converse process is deli-
quescence, in which the solid aerosol particle starts to take up
water from the surrounding environment as the RH reaches
a high value. This RH value is termed deliquescence RH (DRH).
The reported ERH of SSA is in the range of 35-47% depending
on the composition and concentration of the solutes.'>**?32¢
The DRH is typically 30% higher than the ERH. The reported
DRH of SSA is 70-77%.">**"*® Normally, the SSA particle in air is
in the liquid state when the environmental RH is higher than
the ERH. However, if the surrounding RH of the SSA particle
decreases from a high value to ERH, the solute in the liquid
aerosol is supersaturated and the aerosol particle may be in an
amorphous glassy state, with gel-like structures.*'* The changes
in the water content subsequently affect the solute concentra-
tion in the aerosol.?”?® In addition, the water content also
impacts the aerosol's optical properties, e.g. scattering coeffi-
cient,*"° and refractive index.** On the other hand, variations in
the solute concentration change the pH value of the aerosol.*
Furthermore, the RH affects directly the chemical reactions that
happen on the aerosol's surface. Several studies have reported
that the RH affects the heterogeneous chemical reactions that
happen on the surface in the formation and evolution of
secondary organic and inorganic aerosols in air.>*?”

The other major component of SSA is NaCl. The ionic Cl in
aqueous droplets can be oxidized to chlorate (ClO;") and
perchlorate (ClO, ), which are extremely toxic to humans. It was
reported that Cl- can be oxidized by O; in the natural
environment.*®* The reaction of O; with Cl™ in aqueous solu-
tion was first reported by Yeatts et al.** The results showed that
the reaction can be catalysed by H' ions. Kang et al. reported
that ClO,  can be formed via homogeneous photochemical
reactions of aqueous oxychloride precursors.*” Later on, they
reported a number of potential reaction mechanisms of ClO;™
and ClO,  production in the natural environment through the
oxidation of C1™ by O5.*® However, the reactions observed in the
references mentioned above are measured from bulk solutions,
where the heterogenous reaction between Cl~ and O; can only
happen on the interface between air and solution. Therefore,
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the reaction is extremely slow. Different from the bulk solu-
tions, NaCl aerosols suspended in air are on the order of
micrometer in size with a high surface-to-volume ratio, which
provides sufficient surface area for interactions with gaseous
phase atoms and molecules, so the O; can rapidly overwhelm
the suspended droplet. In this case, the oxidation reaction that
occurs on the surface of SSAs in the atmosphere would be rapid.

In addition to water and NaCl, toxic substances that SSAs
carry, including mercury (Hg), are transmitted from the MBL to
terrestrial environments.*>** This toxic compound can directly
cause serious impacts on the environment and humans. The
ocean is a significant reservoir for Hg. It is estimated that ocean
waters contain 3.5 x 10° kg of Hg.* The Hg from ocean emis-
sions to the atmosphere is estimated at 2.68 x 10° kg per year,
which contributes approximately 40% of the total Hg input.***
A significant amount of Hg that exists in SSAs is transmitted to
terrestrial environments. Holmes et al. used a chemical box
model to predict that about 85% of Hg is partitioned into SSAs
under typical MBL conditions.*® Moreover, the Hg concentra-
tion in SSAs is suggested to be higher than that found in
seawater. Malcolm et al. reported that the Hg concentrations in
SSAs can be up to 3000 times greater than in the marine system
if seawater is the only source of the Hg to the aerosols.” In this
case, a complete understanding of atmospheric mercury's
chemical reactions and physical transformations that happened
on the surface of SSAs is crucial to predicting mercury
emissions.

Hg exists in the atmosphere in three different forms:
elemental gaseous Hg (EGM or Hg(0)), reactive gaseous Hg
(RGM or Hg(u)), and particulate bond Hg (PBM or Hg(p)).”>** As
most Hg(i) compounds are water-soluble, the Hg in SSAs is
primarily Hg(u), with the majority being HgCl,. In the process of
transmission of SSAs, the state of Hg(n) in the aqueous droplets
will be affected by the surrounding environment. For example,
SSAs contribute most RGM and PBM in the atmosphere in
terms of the evaporation of Hg(u) compounds to the air and
deposition of these species on the surface of aerosols.*> Then,
the RGM or PBM may further be reduced to Hg(0) under the
specific condition.*”**** The GEOS-Chem global model has
postulated that Hg(u) photoreduction that occurs on the
aqueous droplets in the atmosphere takes place in tropospheric
clouds.*** Malcolm et al. reported that SSAs could scavenge the
RGM and significantly reduce Hg(u) levels in the air.** Tong
et al. demonstrated that Hg(u) can be photolyzed to Hg(0) on the
surface of NaCl aerosols under solar radiation.*® Hedgecock
et al. modeled the SSA effects on the photoreduction of Hg(u)
and reported that the effect of the SSA is more related to the
scavenging and deposition of Hg(u) than the catalytic reduction
from Hg(1u) to Hg(0).”* Many researchers have reported the redox
reaction of Hg(u) and Hg(0) in the aquatic system.*”-** However,
all results from the references mentioned above are only known
from computations or have been measured and tested experi-
mentally from bulk systems (ocean and bulk aqueous solution).
The reduction or photodissociation mechanisms of Hg(u) in the
atmosphere remain uncertain. Due to the lack of understanding
of the chemical-reaction mechanism of this process, the model

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cannot provide an accurate description of the global mercury
distribution.

To date, most atmospheric studies conducted in field or lab
focused mainly on the composition and properties of freshly
emitted SSA or SSA simulants.®® However, atmospheric aging
processes can transform SSA through reactions with trace gases,
air pollutants, oxidants, and solar radiation.®** Many SSA's
atmospheric behaviors, such as the heterogenous chemical
reaction on aerosol modification,*** the production of volatile
organic compounds,®® the formation of secondary organic
aerosols (SOA),** and the formation of secondary marine aero-
sols (SMA)®*%” etc., have not been well studied. This is mainly
because of experimental difficulties in analyzing aerosols
directly. For example, in current lab experiments, it is extremely
challenging to accurately control the biological and chemical
processes that lead to the formation of the SOA or SMA.*>"*” In
the traditional method of aerosol characterization, measure-
ments are made from the collected samples deposited on
substrates, offering only information from the bulk materials.
Furthermore, because of offline measurement, important
information like the actual atmospheric behavior, such as
changes in surface composition due to reactions and equilib-
rium processes, is missing. Another approach is to consider
flowing aerosols in a tube or a reaction chamber. However, the
aerosol particles will inevitably be affected by wall effects. To
avoid these interferences and better understand the behavior of
the aerosol in the atmosphere, investigation at the single-
particle scale is of significance. Numerous studies that focus
on the hygroscopic properties of single, suspended salt aerosols
based on different techniques, including optical trapping (OT)
and through an electrodynamic balance, have been
reported.*®'*?> These works only focus on physical properties,
e.g., phase transition, of the aerosols. No surface-composition
changes and chemical reactions of SSAs at the single-particle
scale have been reported. However, this missing part is crucial
for understanding SSA's influence on atmospheric processes
and human health.

In this work, we study the heterogeneous chemistry and
photochemistry of a single, suspended SSA particle and SSA
containing Hg(n) in a reactive atmospheric environment using
optical trapping - Raman spectroscopy (OT-RS). This paper
consists of two parts. Part I studies the heterogeneous chemistry
and photochemistry of the optically trapped single SSA particle,
and Part II considers the photo-reduction reaction of Hg(u) in
SSA. The major objectives of this two-part study are: (1) through
the size and spectral evolution of an SSA particle trapped under
different RH conditions, we estimate the size of the aerosol
particle using different Raman signal features. (2) By investi-
gating the heterogeneous chemical reaction with Oz and the
photochemical reaction with UVC radiation of the SSA particle,
we show that the ionic Cl in the SSA can be oxidated to chlorate
(ClO37) by O; and further oxidated to perchlorate (ClO,~) by
UVC radiation, and that these reactions occur only on the
surface of SSA. (3) Via the study of the photochemical reaction of
Hg(u) in SSA particles with UVC radiation, we shed insight on
the photo-reduction and photo-oxidation reactions between
Hg(u) and Hg(1) in the SSA. This study from the single particle
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provides unique insight into the connections between atmo-
spheric chemistry and aerosol properties and demonstrates
how OT-RS can be used to isolate and study reactions of the
single particle in a reactive environment in the laboratory under
controlled conditions. This work will be a reference for subse-
quent research work that applies to real atmospheric environ-
mental conditions in the future.

2. Methodology

2.1 Experimental setup

Fig. 1 is the schematic of the experimental system. The details of
the experimental setup of OT-RS can be found in our previous
publications®® 7 and are briefly described here. A 532 nm
(TEM,,) continuous Gaussian laser beam is used as the trap-
ping laser beam. The laser power is set at 1740 mW in this
experiment to trap all the droplet particles. A beam splitter
splits the trapping laser beam into two perpendicular beams of
equal intensity. These two beams pass through axicons to form
hollow beams. The universal optical trap is formed in the
overlapping region of these two counter-propagating hollow
beams through two micro-objectives (x50, numerical aperture
(NA) = 0.55) as shown in Fig. 1. The size of the optical trap can
be varied from ~10 pm to 100 pm by tuning the position of the
two micro-objectives. The scattering signal from a trapped
droplet particle can be collected through another micro-
objective (x20, NA = 0.42). The collected information passes
through a dichroic beamsplitter. The short passing beam is
delivered to a camera to show the trapped particle's physical
information, such as size, shape, and position. The long passing
beam is directed to a spectrograph (Acton 2300i, Princeton) that
shows the inelastic scattering signal containing the chemical
properties, e.g., the vibrational band information. The Raman
information is dispersed by a 600 lines per mm grating and then
projected onto an electromagnetic charge-coupled device
(EMCCD, ProEM, Princeton), which has a spectral resolution of
0.05 nm per pixel. With the experimental setup in this work, the
best spatial resolution that can be achieved is 600 nm X
600 nm.” The integration time of spectra is set to 60 s, and the
spectrograph slit is set to 100 pm.

The aerosol particle is generated through a humidity diffuser
and introduced directly into the chamber. A light is installed on
the side of the chamber to illuminate the trapped particle.
Ozone is generated through a homemade ozone generator and
introduced through the same hole as the humidity diffuser after
introducing the aerosol particles. At the bottom of the chamber,
a hole is connected to a mechanical pump, which is controlled
by a valve at a slow pumping rate of 0.01 L min~*. The ozone
flows through the trapped droplet and then is pumped out
through the bottom hole. The ozone flow is also set at a low rate
of 0.01 to 0.2 L min~". The pressure and RH around the trapped
droplets are not affected as both the pumping and flowing rates
are slow. The RH and temperature sensor are fixed inside the
chamber to monitor the local conditions. In addition to the hole
on the bottom, which is connected to a valve, the top hole of the
chamber is open during the experiment, so the pressure and
temperature (19-21 °C) inside the chamber are the same as in
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Fig. 1 Schematic of the experimental setup of the OT-RS system.

the lab environment. The humidity diffuser keeps generating
droplet aerosols for 30 to 60 seconds until one droplet is stably
trapped. As the chamber is not sealed, most of the excessive
mist will be pumped out through the bottom hole, and the few
leftovers pass out of the chamber through the open hole to the
exhaust system. In the experiment, two RH sensors are
installed, one installed inside of the chamber, and another
installed outside of the chamber. The sensor inside the
chamber shows increase of RH when introducing the droplets
aerosol, and decrease of RH when the aerosol introduction is
stopped. Finally, after the aerosol particle is trapped for several
minutes, the RH shown by the two sensors becomes the same.
In this case, after several minutes of stopping aerosol particle
introduction, the RH around the trapped particle is consistent
with the laboratory RH. The recorded RH in the lab for the
whole year is in the range of 30-70%. For the extremely high RH
cases (RH > 70%), an external humidifier is connected to
maintain the high RH condition inside the chamber. The UVC
radiation is generated from a UV lamp (90-0049-01/
Photochemical Lamps, Analytik Jena US), which is fixed on
the top area of the chamber. Two wavelengths can be generated,
254 nm (>95%) and 185 nm (<5%), both of which are in the UVC
region, with an irradiance intensity of 4000 pW cm™>. The UVC
radiation is focused into the chamber through two UV lenses.
Counting the distance of 2.5 cm between the first lens and UV
lamp, and the maximum energy loss of 20% at 254 nm of the
two lenses, the irradiance applied on the trapping area is
calculated as 512 pyW cm 2.

2.2 Samples

The droplets are produced by ultrasonic nebulization through
a humidity diffuser of aqueous solutions. SSA particles used in
this work were SSA simulants generated from the 3.5% NaCl
solution. The solution to generate droplets of SSA containing
Hg(u) is made by adding 1% HgCl, into 3.5% NaCl solution. The
NaCl (>99.5%) was purchased from Fisher Scientific, and the
HgCl, (>99.5%) was purchased from Sigma-Aldrich.
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3. Results and discussion

3.1 Part I: the study of heterogeneous chemistry and
photochemistry of the optically trapped single SSA

3.1.1 Effects of surrounding RH on size and Raman spec-
tral features of an SSA particle. In the experiment, the trapped
droplet continues to uptake or lose water from the ambient
environment during the trapping period. Fig. 2a shows the
Raman spectrum of the droplet trapped in a dry environment
with a RH of 37%. The Raman bands and band assignments are
shown in Table S1.f Three Raman bands at 185 cm™*,
1630 cm ™', and 3430 cm ' are observed and assigned to
O-H---O stretching mode, OH-bending mode, and OH-
stretching mode of water, respectively. The spectrum of
Fig. 2a is from an aerosol particle trapped under RH of 37%.
Under this dry condition, the OH stretching mode is extremely
weak. This is because the trapped NaCl aerosol particle expe-
riences efflorescence, and the solute becomes supersaturated.™
In this experiment, the ERH we calculated is 39% + 8%, which
is consistent with the reported results.'>*»**® This value was
obtained from 20 sets of data in which the Raman signals have
no or very weak OH-stretching band. Therefore, the dry and wet
conditions in this experiment is defined as when the RH are
below and above 39% =+ 8%, respectively. The size of the inset
image is 500 pixels x 500 pixels, corresponding to approxi-
mately 83.3 um x 83.3 um, which was used to estimate size of
each droplet shown in Fig. 2. For instance, the size of the
trapped droplet in Fig. 2a is 4.4 um. If the RH further decreases,
the SSA undergoes efflorescence and crystallization, forming
a solid particle.™ Fig. 2b shows the Raman spectrum of the SSA
trapped in air with a RH of 55%. Different from Fig. 2a, a wide
and strong Raman band of OH-stretching located around
3430 cm ' is observed. This indicates that the droplet is in the
aqueous state. Thus, the NaCl inside the droplet is in the ionic
state. The size of the droplet shown in the on-time image in
Fig. 2b was estimated to be 9.3 um under this RH condition.
Because the amount of water a particle can absorb is affected by
the surrounding RH, therefore, under different RH conditions,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a—d) Single-particle Raman spectra of the SSA particle trapped in air under different RH. The inset pictures are the on-time images

corresponding to the Raman spectra, captured by the system camera. (e) A video showing the SSA particle’s size evolution as the surrounding RH

increases from 41% to 69%.

the intensity of the OH band is different. As shown in Fig. S1,}
the intensity of the Raman signal changes as the surrounding
RH changes. The on-time images, which show the size of the
droplets corresponding to different RH, are shown in the insets
of Fig. Sla.f The Raman signal intensity is increasing or
decreasing with the changing of the size of the SSAs. Fig. S1b¥
shows the relationship between the intensity of Raman band at
3430 cm ™! and the size of the trapped droplet. The result shows
that the Raman band intensity is linear to the particle size,
which implies that the size of the SSAs can be estimated using
the Raman spectral features. Further increasing RH would
increase the water content of the aqueous droplet, ie., the
aqueous particle would become more diluted," and the size of
the droplets would also increase simultaneously. When the
trapped droplets reach a specific size, the whisper gallery mode
(WGM) can be observed from the Raman spectrum.” In the
experiment, as the surrounding RH is above 69% + 5% (simi-
larly, this number was obtained from 20 sets of data), the WGM
can be observed. Fig. 2c and d show the WGM in the Raman
spectra of the NaCl droplet trapped in air with RH of 70% and
85%. The size of the droplets in these two cases are 18.5 pym and
27.8 pm, respectively. Fig. 2e is a snapshot from a video that
shows the size evolution as the SSA particle trapped in air with
the surrounding RH increases from 41% to 69%. The video's
playing speed has been accelerated by 80 times; this whole
process lasts about 22 minutes in the experiment.

3.1.2 The heterogeneous chemical reaction between O;
and Cl" in a single SSA particle. Fig. 3 shows the time-resolved
Raman spectra of a trapped SSA particle exposed to ozone at
a RH of 62%. The ozone concentration used in this experiment
is 1000 ppm. In the experiment, the O; concentration is
measured in an independent chamber on the way of O; flowing.

© 2024 The Author(s). Published by the Royal Society of Chemistry

So the measured O; concentration is a direct result from the
ozone generator. The O; flows into the chamber and through
the trapped aerosol particle. The O; concentration is much
diluted in the chamber as the flowing rate is very low, and the
chamber is opened to air, so that the air inside and outside the
chamber is constantly being exchanged. But compared with the
volume of the trap, the covered area of O; flow is much larger. In
this case, 1000 ppm is an upper limit of O; concentration
involved in the reaction. In Fig. 3, one peak appears and
increases slowly with time after the droplet is trapped in the
ozone environment for 20 minutes. This peak is located at
966 cm ' and attributed to ClO;~. The ClO;~ is generated
through oxidation of the ionic Cl in the aqueous solution by
;1738397374 The reactions are as follows from (R1) to (R3.2).

Cl" +0; - ClIO™ + 0, (R1)
ClO™ + 03 - CIOZ_ + 02 (RZ)
C1027 -+ 03 —>C102 -+ 037 (R3.1)
ClO; + 03" = ClO;™ + O, (R3.2)
CIO™ + 05 — CI™ + 20, (R4)

However, ClIO™ also can be reduced to CI™ through (R4). The
reaction rates k; =3 x 10 M s 'and k, = 30 M ' s ! are
much smaller than &k, = 110 M~ ' s™! at room temperature
around 20 °C.*®*”® Therefore, the production of ClO;™ is very
limited. However, these reaction rates were measured from
a bulk aqueous solution, in which the reaction happens only on
the interface between the liquid solution and air.”® Compared

Environ. Sci.. Atmos., 2024, 4, 911-924 | 915
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with the reaction that happens only on the interface, ozone can
soon overwhelm the droplet particle as it is suspended in air
because of the high surface-to-volume ratio, which greatly
accelerates the reaction. Fig. 3b shows the peak intensity of
966 cm ™! increasing as the droplets are trapped in different O,
concentrations with the RH of 54-62%. Each data point in
Fig. 3b was averaged over three points and normalized to the
first minute's peak intensity. In Fig. 3b, the Raman band of
ClO; ™ increases slowly with the peak intensity at a rate of 0.0015
minute”' when the trapped droplets are exposed to O; at
600 ppm. The reaction becomes faster with increasing ozone
concentration. As shown in Fig. 3b, the intensity increases at
a rate up to 0.027 minute *, 18 times faster, as the O; concen-
tration increases to 4000 ppm. After the reaction is completed
within 30 minutes, the band intensity still increases slightly.
This is because that the reaction happens only on the surface of
the suspended droplet (details shown in Section 3.1.3). As the
ion exchanges between the surface and the interior consistently
happen in the aqueous system after all the CI~ has been
oxidized on the surface, the supplied C1™ continually reacts with
ozone and produces ClO; ™.

No change in the Raman bands is observed when the ozone
concentration is below 600 ppm. This is because the concen-
tration of ClO;™ is too low to be observed in the first several
hours. Furthermore, since (R4) is much faster than (R1), with
low O; concentrations, the Cl1O™ is produced at a lower rate and
balanced with Cl™ in the aqueous system of the droplet, and no
further reaction of (R2) and (R3) happens. Therefore, there will
be less ClO;~ produced. Nevertheless, even though the reaction
is faster in the suspended droplets than in bulk solution, with
the low concentration of Oj; in air, this reaction is still slow in
the natural environment. On the other hand, this reaction was
observed only at the environmental RH of 39-69%. Experi-
mentally, due to the loss of water, the solute in the suspended
NacCl aerosol particle becomes supersaturated in the dry envi-
ronment when the surrounding RH is lower than 39% + 8%.
Under this condition, the ionic Na and CI are bounded to form

916 | Environ. Sci.. Atmos., 2024, 4, 9N-924

0 10 20 30 40 50 60

Time (min)

(a) The time-resolved Raman spectra indicate the formation of ClOs ™~ as the SSA particle is exposed to Oz at 1000 ppm and RH of 62%. (b)

cm™! as the single trapped SSA particle is exposed to different Oz

NaCl molecules. Therefore, the amount of C1™ on the surface of
the droplet is not sufficient to produce enough ClO;™ that is
observable.

Compared with the reported Raman band position of v,
(Cl0;7), which is located around 940 cm™,”7® the Raman band
position in this study is blue-shifted to 966 cm™". This may be
caused by a change in the Cl-O band frequency due to the
adsorbate and adsorbent interaction, which is absent in the
bulk liquid state.”® Furthermore, the concentration of NaCl
also affects the force of the Cl-O band, affecting the vibrational
frequency. Zachhuber et al. reported that the Raman band of v,
(ClO;7) of a mixture of 50% NaCl and 50% NaClO; shifted to
998 cm ™ *.** Additionally, changes in PH value and temperature
in the aqueous environment as a result of laser heating can also
slightly change the Raman band position of ClO;". All the
factors above are possibly attributed to the blue-shifting of the
Raman band of ClO;~ observed in this result.

3.1.3 The photochemical reaction of single suspended SSA
particle with UVC radiation. Time-resolved Raman spectra of
a SSA exposed to UVC of 185 nm and 245 nm radiation are
shown in Fig. 4. The surrounding RH of the trapped droplet is

RH: 60% >
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Fig. 4 Changes in the time-resolved Raman spectra indicate the
formation of ClOs~ and ClO,4 ™ as the SSA particle is trapped under UVC
radiation with RH of 60%.
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60%. The Raman band assignments corresponding to Fig. 4 are
shown in Table S1.F Compared with the Raman spectra of the
aerosol droplet trapped in the first minute, five more Raman
bands were observed after exposure to the UVC radiation.
Among them, four bands at 482 cm™*, 621 cm ™', 979 cm ™', and
1023 cm ™! are attributed to ClO;~, and one weak band located
at 1124 cm ' is assigned to ClO, . Different from the SSAs
exposed to O, the Raman band of v, (C10;7) at 966 cm ™" shifts
to 979 cm . As discussed in the previous section, this can be
explained by the adsorbate and adsorbent interaction in the
single-particle scale and the changes in concentration of the C1™
and ClO;™ inside the droplet. Nevertheless, the intensity of vy
(Cl0;7) became much stronger, and more Raman bands related
to ClO;~ were observed, which indicates that more oxidated
product of ClO;~ was produced due to the UVC radiation than
that in the condition of the droplets exposed to ozone. Note that
the vibration frequency of v; (ClO;™), which is reported to be
976 cm™ " (ref. 82 and 83) blue-shifts to 1023 cm™ ', but the
frequency difference between v, (ClO;™) and vz (ClO37) is the
same as reported.®*®* As v; (ClO; ) and v; (ClO; ™) are from the
stretching vibration, these two bands show consistent
frequency shifts, while the bending bands of v, (ClO;7) and v,
(ClO;7) retain the same frequency as reported.®>*

In this reaction, UVC radiation photolyzes oxygen to produce
ozone around the trapped droplets, and O; reacts with the ionic
Cl on the surface of the droplets to produce ClO™, which is the
same as (R1) in Section 3.1.2. Additionally, due to the reaction
product of O(*P) and O('D) from the photolysis of O3,* more
chemical reaction pathways can exist, which lead to further
production of ClO; ™, e.g., via reactions (R5)-(R7) below.**** This
explains the much stronger Raman band of ClO;™ observed.

0, 1M "5, (a'a,) + O('D) (R5.1)
0,2 M M6 (XP35,) + O(P) (R5.2)
CIO™ + OCP) — ClO,~ (R6)
ClO;™ + OCP) — CIO; (R7)
ClO;™ + O('D) — CIO,~ (R8)
H,0 + O('D) — H,0, (R9)

One Raman band that is attributed to ClO,” was also
observed. This indicates ClO;™ is further oxidated by O('D) to
ClO,™ via (R8). In addition to the Raman band related to the
ClO;™ and ClO, , a wide Raman band located in the range
2900-2960 cm~ ' appears and rises slowly as the particle is
trapped. This wide band indicates the formation of H,0,.** The
H,0, formation is due to the reaction between O('D) and H,O
(R9). The detailed reaction pathways can be found in ref. 86 and
87, while the major reaction is (R9).

In addition to the new Raman bands of ClO; ™ and ClO, , itis
important to notice the changes in the OH-stretching band.
Compared with the spectra in the first minute and after 60
minutes, the center of the band moves from 3430 cm™' to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3450 cm™ ', This is mainly due to the CI~ being oxidized to
ClO;™ and ClO, .*® However, this happens only on the surface
of the trapped droplets. Fig. 5 shows a contour plot of the
Raman spectrum intensity distribution of the SSA trapped
under UVC radiation for 60 minutes. Two places marked as S
and C correspond to the surface and center of the trapped
droplet, and the image shows the position of these two loca-
tions. The inset also shows the Raman spectra of the OH-
stretching from these two locations. The maximum intensity
of the two Raman spectra is normalized to be the same.
Comparing the spectra from these two locations, the Raman
band of OH-stretching is located at 3430 cm ' in position C,
while it moves to 3450 cm ™" in position S. This suggests that the
ion distribution is also different between the surface and the
center of the trapped droplet. In particular, more ClO;™ is
located on the surface of the droplet, and more Cl™ is in the
center. This suggests the reaction between ClI- and O3
happened only on the surface of the droplet.

Fig. 6 shows the time-resolved Raman spectra of a single SSA
particle exposed to UVC radiation and trapped in a dry envi-
ronment with the RH of 38%. The intensity of the OH-stretching
band around 3400 cm ™" becomes weaker under this condition.
The Raman spectra show only one new Raman band rising as
the droplets are exposed to UVC radiation under this dry
condition, which is located at 2930 ecm ™. This band indicates
the formation of H,0,. No other band change was observed
during this process. Therefore, different from the SSA trapped
in a higher RH environment, no oxidation reaction of Cl~ was
observed. This also suggests that the reaction between Cl™ and
O; occurs only when the environmental RH is relatively high. As
discussed in Section 3.1.2, the solute in the suspended droplet
becomes saturated in a dry environment, and ionic Cl is in the
state of NaCl rather than free Cl™ in the aqueous system. In this
case, without enough Cl™ appearing on the surface of the sus-
pended droplets, the oxidation reaction with O; becomes less
likely; thus, the reaction product of ClO;™ is hard to observe.

Under the UVC radiation, the ClI~ on the surface of the
droplets is oxidized to ClO;~ when the single SSA particle is
trapped in air with a high RH condition. The reaction is much
faster than that of a single SSA particle exposed to ozone at

320
281
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202
1635
124%
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45

Position (um)

3100

3200 3300 3400 3500

Raman shift (cm™)

3600 3700

Fig. 5 Contour plot of the spectral intensity distribution of the OH-
stretching mode for Raman spectra of SSA. Two places are marked
where S is the surface and C is the center. The inset picture shows the
on-time image captured by the system camera; the inset figure shows
the position-resolved Raman spectra from the two marked locations.

Environ. Sci.. Atmos., 2024, 4, 911-924 | 917


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ea00053f

Open Access Article. Published on 18 June 2024. Downloaded on 6/12/2026 9:50:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

RH: 38%

’; 2930cm
s i
g 1 min !
g T
g —k/\\ 5 min !
= . 1
1 20 min !
|
1 60.min n
i
T T T T T T T
500 1000 1500 2000 2500 3000 3500

Raman shift (cm)

Fig. 6 Time-resolved Raman spectra of a single, suspended SSA
particle is exposed to UVC radiation with RH of 38%. No Raman band
changes occur except for the peak at 2930 cm™* appearing.

4000 ppm, even though (R1) is the same for both oxidation
pathways. This is mainly because the atomic O that is photo-
lyzed from O; enhances this process via additional reactions of
(R5)-(R7). The same oxidation reaction also can occur on the
surface of a SSA in the atmosphere. While the high concentra-
tion of O; and UVC radiation are not reflective of the natural
atmosphere, the experiment does confirm oxidation pathways
suggested previously.***

3.2 Part II: the study of heterogeneous chemical reactions
and photochemistry of a single SSA containing Hg(u)

3.2.1 Effects of surrounding RH on size and Raman spec-
tral features of a SSA containing Hg(u). Fig. 7 shows the Raman
spectra of a SSA particle containing Hg(u) trapped in air under
different RH conditions. Fig. 7a shows the Raman spectra of the
droplet trapped in a dry environment with a RH of 39%. One
more Raman band, compared with pure SSA, located at
314 cm ™', is observed, which is attributed to HgCl,.* As dis-
cussed in Section 3.1.1, the droplets do not crystallize, but the
solute in the aqueous system becomes supersaturated when the
surrounding RH is low. In this case, part of the free Hg*" inside

@7 RrRH: 39%

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)
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the aqueous droplets is bound to Cl™ to form HgCl, molecules
in an aqueous system. So, the Raman signal of the HgCl, band
can be observed. With different RH, the band of HgCl, shows
different intensities, indicating an increase or decrease in the
amount of HgCl, molecules. The related figures are shown in
Fig. S2.} In the experiment, the ERH for SSA containing Hg(u) is
calculated to be 41% 4 11%. This value is calculated through 20
data sets in which the Raman signals show the Raman band of
HgCl,. Due to the HgCl, added, the ERH of SSA containing
Hg(u) is slightly higher than the pure SSA. When the RH
increases above the ERH of SSA containing Hg(u), as shown in
Fig. 7b, the HgCl, vibration band at 314 cm™ " disappears, and
the Raman signal of the OH-stretching band around 3400 cm ™"
is observed. This indicates that Hg(u) turns to the ionic state in
the aqueous system under the higher RH condition. The
changes in size are similar to the pure SSA as discussed in
Section 3.1.1, which indicates that the hygroscopicity of SSA
particles is not affected by the Hg(u) contained in the droplet.
3.2.2 The heterogeneous chemical reaction between SSA
containing Hg(u) and O;. The time-resolved Raman spectra of
the droplets of SSA containing Hg(u1) exposed to O3 are shown in
Fig. S3.7 The O3 concentration is 1000 ppm. Fig. S3at shows the
single droplet trapped in an Oz environment with a surrounding
RH of 58%. This figure is similar to the pure SSA in Fig. 3 with
one peak located at 966 cm ™', which is attributed to ClO;~ that
increases slowly with time. The peak intensity increases with
the increase of the O; concentration, and the rate is also similar
to the results in Fig. 3b of pure SSA. Fig. S3bt shows the SSA
containing Hg(u) exposed to O3 of 1000 ppm in a RH of 35%. As
mentioned in Section 3.2.1, when the RH is below the ERH of
41% =+ 11%, the solute in the droplets becomes saturated, and
the peak at 314 cm ™' of HgCl, is observed. In Fig. S3b,1 the peak
at 314 cm™ " is observed in the first minute and kept steady for
the rest of the trapping time. In this case, the reaction mecha-
nism of the SSA containing Hg(u) is the same as the pure SSA
with the reaction product ClO;~ when the RH is above the ERH
of SSA containing Hg(ur). No reaction between O3 and HgCl, was

RH: 56%

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500
Raman shift (cm!)

Fig.7 Sigle-particle Raman spectra of the SSA containing Hg(i) trapped in air under different RH. The inset figure shows the Raman spectra with
high resolution in the region of 150-400 cm™~*. The Raman band of HgCl, at 314 cm ™! can only be resolved as the SSA particle is trapped in a dry

environment with RH below 41% + 11%.
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observed. This result indicates that the HgCl, molecule in the
suspended droplet is stable when the SSA particle is exposed to
0,.

3.2.3 The photochemical reaction of Hg(n) in SSA under
UVC radiation. The Raman spectra of a SSA containing Hg(u)
trapped with RH of 56% exposed to UVC radiation are shown in
Fig. S4.7 The spectra show similar changes to those in Fig. 4,
which indicates the reaction products are similar to those of the
pure SSA. However, compared to Fig. 4, a blue-shift in the
vibrational band of OH-stretching at 3457 cm™ " is observed, as
shown in Fig. S4.f This difference could be caused by the
stronger ionic force as the concentration of Cl™ in the original
solution is higher than that in SSA due to the HgCl, added in the
droplet.

In the global Hg cycling system, the reduction from Hg(u) to
Hg(0) mainly occurs in two ways. (1) Hg(u) is reduced to Hg(1) by
thermal reactions, such as BrHgO reacting with CO to produce
HgBr and CO,, and Hg(1)Br reacting with NO, to produce Hg(0)
and BrNO,.**** (2) Reduction from Hg(u) to Hg(0) takes place
largely through photolysis of Hg(u1) on atmospheric surface, e.g.,
aerosol's surface, air/gas interface.””* The droplets and aerosol
particles in air contribute the most reduction surface for Hg(u)
to be adsorbed. The photoreduction of Hg(u) on the atmo-
spheric surface has been recognized as the important source of
Hg(0) production in air.”” However, most of these gaseous-phase
reduction reactions are only known from computations and
have not been validated experimentally. Most surface-based
photoreduction reactions have only been studied empirically
and lack a solid mechanistic basis. Most Hg(u) compounds have
been identified in urban and indoor air as HgBr, and HgCl,.*° It
has been reported that Oz potentially reduces HgCl, to Hg(0)
under UV or solar radiation. Tong et al. demonstrated that O;
can significantly promote the photolysis rate for HgCl, in the
presence of UV radiation and speculated that atomic O, which
results from the photodissociation of O; via solar radiation in
the atmosphere, might reduce Hg(u)Cl, into Hg(1)Cl radicals.*
Lyman et al. proposed that O; may react with HgCl, directly in
air: HgCl, + 203 — HgO + 20, + 2Cl0O.”” Ai et al. conducted an
experiment to optically trap a single-particle reactor, which is
made by mixing carbon nanotubes and mercury halogens in an
ozone environment. They hypothesized that the Hg(u) could be
reduced on the surface of the carbon nanotubes by O(°p)
photolyzed by O;.”® HgCl, can be photolyzed through the UVC
radiation at 185 nm. However, in this experiment, no Raman
band changes related to Hg(u) are observed when the
surrounding RH is high. We speculate that is because the
photolysis of Hg(u) is slower than its oxidation, and most
reduced products of Hg(1) have been oxidated and returned to
Hg(u).” If so, a small amount of Hg(i) in the suspended droplet
would have been produced and balanced with Hg(u) via the
photo-reduction and photo-oxidation reactions. On the other
hand, as the ClO;~ is formed and Hg(1)ClO; is dissolvable in
water, the Hg(i) can be in the free Hg" state in the aqueous
system. As the Raman spectrum is based on vibrational
frequencies of molecular bonds, it is unable to detect Hg(1) in its
ionic state, other techniques may be used to confirm the above
speculation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As the Raman spectrum in Fig. 7 shows, the Hg-Cl band
located at 314 cm ™' is observed after the droplets are stably
trapped in a dry environment of RH condition below 41% =+
11%, and this means that instead of free CI™ in the aqueous
system, more ionic Cl bonds with Hg(u) to form HgCl, mole-
cules. Fig. 8a shows a contour plot of the Raman spectral
intensity distribution of the SSA that contains Hg(u) as the
droplet is trapped in air with the RH of 42%. Two locations were
marked, where S is the position on the surface, and C is the
position at the center of the trapped droplet. The corresponding
Raman spectra of these two locations are shown in the insets in
Fig. 8a. Compared with the Raman spectra in position S, the
spectra in position C show one more band at 267 cm ™, which is
from HgCl,>~.* Instead of directly forming HgCl, inside the
suspended aerosol particle, more Cl~ bonds to HgCl, to form
HgCl,>". This is attributed to the photoreduction of Hg(u). As
discussed in the previous paragraph, when the droplets are
suspended under the high RH condition, a small amount of
Hg(1) in the suspended droplet can be produced and balanced
with Hg(u) via the photo-reduction and photo-oxidation reac-
tions. The Hg(1) is also produced in lower RH conditions as the
droplet is trapped under UVC radiation. As only one ionic Cl
bonds to each Hg(1), more free Cl™ is left in the aqueous system
where it bonds with HgCl, to form HgCl,>".

Fig. 8b shows the time-resolved Raman spectra of a SSA
containing Hg(u) trapped under UVC radiation with a RH of
42%. As more free ionic Cl binds to HgCl, to form HgCl,>",
anew band at 267 cm ™' appears and increases in strength. After
the droplet was exposed to UVC radiation for several minutes,
another new band located at 166 cm ™" appears. This band is
from Hg,Cl,."" The formation of Hg,Cl, indicates that Hg(m)
was reduced to Hg(1). After the Raman band of Hg,Cl, appears,
the trapped droplet becomes unstable and exits the trap in the
next several seconds. This is because of the low dissolvability of
Hg,Cl, in water and the efflorescence of the suspended droplet.
A small amount of Hg,Cl, is crystallized inside of the SSA. The
formation of solid particles affects the stability of the trapping.

In our exploration, the band change shown in Fig. 8b is
difficult to observe. To observe the formation of Hg,Cl,, the RH
is critical and must be in a specific range of 40-44%. This is
because the droplets need to be sufficiently large to provide
enough force to hold the solid Hg,Cl,. The interrogation time
must be sufficiently long to capture the weak Raman signal.
Meanwhile, the Hg,Cl, that forms need to accumulate to a large
volume for observation. For example, if the RH is too low due to
the efflorescence of the droplets, the droplet's size will be too
small to hold the Hg,Cl, that crystallizes inside the droplets. If
the RH is too high, the CI™ will be oxidized to ClO; in the
aqueous system.

Nevertheless, based on the results, we hypothesized that
under the UVC radiation of 185 nm and 254 nm, a small amount
of Hg(u) is photolyzed to Hg(i), and the process reaches
a balance between the photo-oxidation and photo-reduction in
the SSA when the surrounding RH is high. As RH decreases, the
SSA undergoes dehumidification, potentially leading to the
formation and subsequent crystallization of Hg,Cl,.
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(a) A contour plot of the spectral intensity distribution of Raman spectra of a SSA containing Hg(i). Two locations are marked where S is on

the surface, and C is at the center. The insets show the position-resolved Raman spectra from two marked locations. (b) Raman band variations
shown by the time-resolved Raman spectra as the SSA containing Hg(i) exposed to UVC radiation with RH of 42%. The new emerging peak at
166 cm ™! corresponds to Hg,Cly, which indicates the photo-reduction reaction.

4. Conclusion

In this study, we investigated the heterogeneous chemistry and
photochemistry of single suspended SSA particles and SSAs
containing Hg(u) under different RH, ozone concentration, and
UVC radiation using OT-RS.

In Part I, we explored the hygroscopicity, heterogeneous
chemical reaction with Oz, and photochemical reaction with
UVC radiation of single, suspended SSA particles by analyzing
their Raman spectra. In this part, we show the RH-dependent
single-particle Raman spectra of the SSA when it is suspended
in air. Different spectral features show different sizes and states
of the droplets. Specifically, the Raman signal is with no/weak
OH-stretching band when it is trapped with RH below the
ERH of 39% =+ 8%. The solute of NaCl will neither be crystalline
nor ionic, but NaCl molecules in the aqueous system. The
droplet's size is smaller than 2 pm. The Raman spectra show
a strong OH-stretching band under the RH condition of 39-
69%. The solute of NaCl in SSA is in the ionic state, and the
droplet's size is in the range of 4 to 20 um, which are shown in
the intensity of the Raman spectra. As the RH increases above
69% =+ 5%, the WGM is observed in the Raman spectra. We also
observe the heterogeneous chemical reaction between O; and
a suspended single SSA particle, and the main reaction product
is ClO;™. This reaction is supposed to happen only on the
surface of the droplets when the environmental RH is higher
than the ERH of SSA which is 39% =+ 8%. Note that this reaction
should be very slow in the natural environment because of the
low ozone concentration. When the SSA is exposed to UVC
radiation, the ionic Cl is oxidized to ClO;~, and a small amount
of ClO;~ can be further oxidated to ClO,  on the surface of the
droplets. In the dry environment, the solute in SSA becomes
supersaturated, and becomes NaCl molecules in the trapped
SSA particle. Under this condition, no reaction is observed as
the SSA is trapped under the UVC radiation.

In Part II, we explored the heterogeneous chemical reaction
of the single suspended SSA particle containing Hg(u) with Os,
and the photochemical reaction of Hg(u) in SSA with UVC
radiation. In this part, we show that the Raman signal response
is similar to pure SSA particle when the SSA containing Hg(u) is
trapped in air with different RH. When the solute inside the

920 | Environ. Sci.: Atmos., 2024, 4, 911-924

trapped droplet becomes supersaturated with the RH lower
than the ERH of SSA containing Hg(u) of 41% + 11%, the
Raman band of HgCl, is observed. However, the size and state
changes of SSAs containing Hg(u) are the same as the pure SSA
particles. This indicates that the hygroscopicity of SSAs is not
affected by the Hg(u). Furthermore, no reduction reaction of
Hg(u) to Hg(r) is observed when the SSA containing Hg(u) is
exposed to UVC radiation in the high RH condition. This is
likely due to the photolysis process of Hg(u) being slower than
its oxidation reaction. A small amount of Hg(i) may be
produced, but in the free Hg" state, and it cannot be detected by
Raman spectroscopy. With the RH of 40-44%, we observe the
Raman band at 166 cm™ ', which indicates the formation of
Hg,Cl,, as the droplet trapped under UVC radiation. Based on
these results, the photo-reduction of Hg(u) to Hg(1) is hypothe-
sized to happen in the SSA under UVC of 185 nm and 254 nm
radiation. Limited quantities of Hg(i) are produced and
balanced with Hg(u) between photo-oxidation and photo-
reduction under high RH conditions. With the decrease of
RH, the SSA experiences efflorescence, and the Hg,Cl, is formed
and crystallized inside the SSA.
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