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Executive summary

Dust particles have significant impacts on Earth’s climate system through aerosol-radiation-cloud-chemistry
interactions. The mixing state, physicochemical, and optical properties of dust particles can be altered by aging
processes during transport. While dust-anthropogenic pollution interactions are ubiquitous, there is a limited
understanding of this mixing process and how this alters dust radiative properties, particularly interaction with
anthropogenic organic species. This project aims to investigate the effect of secondary organic aerosols (SOA)
formed from anthropogenic volatile organic compounds (VOCSs) on the mixing state and physicochemical properties
of mineral dust. In this study, we conducted chamber experiments to simulate the mixture of dust particles (Gobi
and Tunisia) and SOA formed from a representative anthropogenic VOC (toluene) under controlled environments.
The evolution of aerosol optical properties, along with changes in aerosol mixing states and chemical compositions,
has been comprehensively examined in this study. We found that the reactions between dust and toluene may be
related to dust types, dust coating conditions, and NOXx levels. When SOA can be efficiently coated on dust
particles, a decreasing trend of SSA at short wavelengths was observed. The single-particle measurements
suggest that exiting nitrate coatings may promote the dust interaction with VOC and the formation of organic
coatings. Some of the organic ions detected by the mass spectrometer may be related to organonitrates, the light-
absorbing carbonaceous, which may contribute to the decreasing SSA at the short wavelength during the aging
process. This study could have implications for future climate model and remote sensing studies for the variation of
dust optical properties in complex mixture environments. Further studies of the dust mixture with anthropogenic
organic species should be also considered in the future, regarding e.g., 1) the factors that may affect the mixing
processes such as humidity, exiting coating conditions on dust, and VOCs levels; 2) the mechanisms of organic
species interaction with dust; 3) The coating effects on other climate-relevant properties of dust such as cloud and

ice nucleating ability; 4) the implementation of aging dust dataset into future model and remote sensing studies.
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Scientific objectives

Dust particles are one of the primary aerosol constituents in the atmosphere and significantly influence the Earth's
climate system by directly scattering and absorbing solar radiation and indirectly affecting cloud formation (Szopa et
al., 2021). Dust can be suspended and transported in the atmosphere for weeks. Asian and Sahara dust are the
two major and representative desert dust sources in the world. They have been widely studied due to their great
impacts on a global scale. Previous work reported the presence of Asian/Sahara dust in the Arctic region after
travelling across urban polluted areas, which induces important impacts on climatic processes in fragile high-latitude
areas (Varga et al., 2021, Zhao et al., 2022). During transport, dust particles tend to interact with other atmospheric
species through processes like heterogeneous reaction and condensation. These aging processes can markedly
alter the chemical composition and mixing state (internal/external mixture with other aerosol species) of dust
particles, and further impact their climate-relevant properties such as optical properties (Riemer et al., 2019). While
dust-anthropogenic pollution interactions are ubiquitous in many regions such as large parts of Asia and Europe,
there is a limited understanding of how mineral dust mixes with anthropogenic reactive compounds and alters its
radiative properties. In particular, little is known about the effects of organic coating on mineral dust, e.g. the
absorbing brown carbon (BrC) that is commonly formed by high-NOx oxidation of anthropogenic volatile organic
compounds (VOCs) in urban atmospheres (Laskin et al., 2015). Thus, the poor representation of dust properties
with aging, especially mixing state and refractive index, leads to large uncertainties in simulating its radiative
forcing.

The AE-DD project aims to investigate the effect of SOA formed from anthropogenic VOCs on the mixing state and
physicochemical properties of mineral dust. In this project, we firstly employed a single-particle mass spectrometer
(Laser Ablation Aerosol Patrticle Time of Flight mass spectrometer, LAAPToOF) in chamber simulations for online
measurements of single particle chemical composition and mixing state. The project is organized around two main
detailed research objectives (RO):

ROL1. To better resolve the evolution of dust mixing state and composition as a function of aging extent in urban
environments.

RO2. To investigate the effects of dust aging and coatings on its optical properties such as single scattering

albedo and refractive index.
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Reason for choosing station/ infrastructure

The CESAM chamber is a large-scale facility to mimic atmospheric multiphase chemistry. There are mainly three
reasons (R) that the chamber station is required in this project:

R1. It is a stainless-steel chamber, which allows dust suspended in it on time scales consistent with the required
aging time in this study.

R2. It has the capability of simulating complex multiphase atmospheric processes, which allows to coat dust
particles with reactive gases including VOCs and NOXx.

R3. It is temperature and pressure controlled, and equipped with an artificial light source of high-power xenon arc
lamps which is realistic to sun irradiation. It is also equipped with a comprehensive set of analytical instruments,
including gas measurements, aerosol size distribution, chemical composition, and optical properties.

The users from UoM provided LAAPToF for online measurements of single particle chemical composition and
mixing state. This enables an innovative dynamic investigation of real-time mixing state evolution with aging and

linking it to other properties, which would be missed in previous bulk or offline analysis.
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Activities during the TNA (research, training, events, ...)

During the campaign period, there were 1 preparation day for instrumental and chamber set-up, 11 scientific
experimental days, and 1 day for chamber cleaning and pack-up. We received training on the principle, use, and
data analysis of the CESAM chamber facilities provided by the experts in the LISA. We also provide an overview
introduction of the single-particle mass spectrometer technique and the function of the LAAPToF.

Day-1: We manually cleaned the chamber and set up different instruments. The performance of different
instruments was tested.

Day-2 and 3: The pure-SOA (Toluene + oxidants) experiments under high-NOx and low-NOx conditions were
conducted, to provide the properties of formed SOA without dust.

Day-4 and 5: We tested the injection efficiency of Gobi, Niger, and Tunisia desert dust for the dust injection method
developed by the LISA. We also tested the injection efficiency of dust when selecting different sizes with an
Aerodynamic Aerosol Classifier (AAC, Cambustion).

Day-6: We met instrumental issues related to dust injection, which stopped the experimental day. The instruments
(AAC and mechanical shaker) were fixed later this day.

Day-7 to 13: The SOA coating experiments for two types of desert dust (Gobi and Tunisia) were conducted under
higher-NOx and low-NOx conditions, to understand the mixing processes and effects on dust properties. We
manually cleaned the chamber before changing the dust sample.

Day-14: We manually cleaned the chamber. We also used LAAPToOF to characterize different dust samples,

including Namibia, Australia, and Arizona desert dust.
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Method and experimental set-up

All the experiments were performed in the 4.2 m3 stainless-steel CESAM chamber (Wang et al., 2011). Prior to
each experiment, the chamber was flushed for hours and can be evacuated to 10-4 — 10-5 hPa. The background
mass concentrations of aerosol in the chamber varied from 0.1 to 0.6 pg m-3. Temperature and relative humidity
(RH) inside the chamber were set to ~20 °C and ~50%, respectively.

The effect of SOA coatings on the properties of mineral dust particles was investigated for Tunisia and Gobi dust
as surrogates for desert dust aerosol. The LISA team has developed protocols for generating dust aerosols in
previous chamber studies (i.e., Di Biagio et al., 2014, Caponi et al., 2017). Mineral dust aerosols were generated
through the mechanical shaking of parent soils using ~40 g of soil sample (first sieved to < 1000 um and then dried
at 100 °C) placed in a Biuichner flask. The suspended dust went through an Aerodynamic Aerosol Classifier (AAC,
Cambustion) to select certain-size dust. The selected dust particles were mixed with N2 carrier gas and injected into
the CESAM chamber. A four-blade stainless-steel fan located at the bottom of the chamber ensured that the
aerosols were uniformly distributed inside the chamber. Coating dust aerosols with SOA mass was achieved by
adding toluene, oxidants (H202), and NOx gases to the chamber in order. Initial VOC/NOXx ratios of approximately
2:1 and 10:1 were carried out for “high-NOx” and “low-NOx” coating experiments separately. Here, we chose
toluene as a surrogate for VOCs, since toluene is an important component of anthropogenic VOCs (Gentner et al.,
2017). After the injections finished, there was about half an hour of mixing in the dark, the lights were then turned
on for 2—3 hours. In addition to dust experiments, the pure SOA experiments were also conducted by injecting only
toluene and H202 under “high-NOx” and “low-NOx” conditions separately. The experimental type, dust conditions,
and the initial concentrations of toluene and NOx in each dust-mixing experiment are summarized in Table 1. Fig. 1
summarizes the particle size distributions measured after dust injection finished in 10-40 mins. With the similar
injection method, the Gobi soil has higher injection efficiency than the Tunisia soil.

The physicochemical properties of the suspended aerosols were monitored throughout the experiments using
different instruments connected to the chamber. The particle number concentrations (cm-3) were measured with a
condensation particle counter (CPC). The particle number size distribution of aerosols was measured using a
scanning mobility particle sizer (SMPS) (TSI Inc.) and an optical particle counter (OPCs): SkyGRIMM (Grimm Inc.).
The SMPS measured the particle number concentration in the electrical mobility diameter (Dm) range from 0.019 to
0.870 um. The SkyGRIMM measured the particle number concentration in the optical equivalent diameter (Dop)
range from 0.25 to 32 um. The scattering coefficient Bsca (Mm-1) of the suspended particles was measured by a
three-wavelength integrating nephelometer (TSI Inc.). The absorption coefficient Babs (Mm-1) was retrieved by a
seven-wavelength Aethalometer operating at 370, 470, 520, 590, 660, 880, and 950 nm. The extinction coefficient
BExt (Mm-1) was measured by two cavity-attenuated phase shift extinction analysers (CAPS PMeX by Aerodyne).
The optical properties, like absorption angstrom exponent (AAE) and single scattering albedo (SSA) were
calculated from optical measurements. The bulk organic and inorganics (nitrate, sulphate, and ammonium) were
measured by an Aerosol Chemical Speciation Monitor (ACSM) in real-time. The LAAPToF provides single-particle

measurements of dust composition and mixing state (chemical internal or external mixture) in real-time. The
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compositions of the gas phase species were measured with NO, NO2, and O3 analysers (HORIBA) and a
commercial proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS). A particle-free N2/O2 mixture
was continuously injected into the chamber to balance the proportion of airflow sampled by these different

instruments.
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Preliminary results and conclusions

1. Preliminary results and discussions

This section discusses the properties of initially injected (hereafter refer as initial dust) and SOA-coated dust,
including Gobi and Tunisia dust experiments. We will investigate the effects of coatings on dust optical properties,
and dust coating processes. As mentioned in the method section, the SOA coating experiments considered “high-
NOx” and “low-NOx” conditions.

1.1 Properties of initial and SOA-coated dust

The properties of initial Gobi and Tunisia dust in each experiment were characterised for 10—40 mins after finishing
the dust injection. The measured organic/inorganic mass concentration (relative to dust mass), SSA, and AAE of
the initial dust are shown in Fig. 2. The initial Tunisia dust showed more organic and inorganic (i.e. nitrate and
ammonium) coatings, higher SSA (at wavelengths of 450 and 630 nm) and lower AAE than initial Gobi dust.

Fig. 3 shows the evolution of aerosol properties during the Gobi (solid lines) and Tunisia (dashed lines) dust
coating experiments respectively. In Tunisia-SOA coating experiments, there were ~0.41 and 1.13 pg/m3 organic
aerosols formed from toluene reactions in high-NOx (Exp. 1) and low-NOx (Exp. 2) experiments respectively. The
corresponding total aerosol number concentrations were largely (Exp. 1) or slightly (Exp. 2) enhanced in both
experiments, indicating the formed organics were partly externally mixed with injected dust. The evolution of
aerosol number size distributions in Exp. 1 suggests the nucleation and coagulation processes of formed
secondary organic aerosols (see Fig. 4). The SSA at 450 and 630 nm and AAE in Exp.1 and 2 were not changing
obviously with the formation of organic aerosols. In Gobi-SOA coating experiments, there were ~0.59, 0.92, and
2.39 pg/m3 organic aerosols formed from toluene reactions in high-NOx (Exp. 3) and low-NOx (Exp. 4 and 5)
experiments respectively. With the formation of SOA, the corresponding total aerosol number concentrations
showed similar decreasing trends in Gobi-SOA experiments (Exp. 3, 4, and 5), mostly due to the wall loss effect.
The formed organics were likely to be internally mixed with injected dust, which is also supported by the online
single particle measurements from the LAAPTOF (see Sect. 1.2). The SSA at 630 nm and AAE in Gobi-SOA
experiments were not changing obviously with the formation and coatings of organic aerosols, while the SSA at
450 nm decreased ~0.019, 0.028, and 0.025 in high-NOx (Exp. 3) and low-NOx (Exp. 4 and 5) experiments
respectively.

In pure-SOA experiments under both high-NOx and low-NOx conditions, there were negligible organic aerosols
(below the detection range) formed from toluene reactions. The above Exp. 1-5 suggest that the presence of dust
can accelerate the oxidation of toluene and the formation of SOA precursors, which has been also suggested by
observations in ambient dust-urban environments (i.e. Xue et al., 2020, Shen et al., 2023). Dust surfaces can
provide the seedbed for specific interactions with trace gas molecules and therefore play a key role in the
transformation and environmental fate of many atmospheric species (Usher et al., 2003). The semi/low-volatile
products formed from the photo-oxidation of gaseous toluene may condense on the dust surface through the gas-
particle partitioning. Toluene may also be absorbed on the dust surface and contribute to SOA formation through

heterogeneous reactions (Romanias et al., 2016; Niu et al., 2017).
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In both Tunisia-SOA and Gobi-SOA experiments, the low-NOx condition favoured the formation of organic aerosols
compared to high-NOx condition. One reason is that the products formed under high-NOx conditions are likely
more volatile than those formed under low-NOx conditions, which is suggested by the previous toluene photo-
oxidation experiments (i.e. Hildebrandt et al., 2009, Srivastava et al., 2022). In addition, the injected NO in the
chamber can be quickly oxidised to NO2 after the UV light is on. The NO2 reactions may compete with toluene
reactions and form nitrate under high-NOx conditions. There was an increase in nitrate after light on, in high-NOx
experiments (Exp. 3, Fig. 3).

According to the results described above, the formed SOA from toluene reactions may be easier to condense on
Gobi dust than Tunisia dust. One possible reason is that the initial Tunisia dust has higher organic coatings than
Gobi dust, as shown in Fig. 2a. With the coatings, the outermost layer of a dust surface may be different from the
mineralogy of the original dust. The reactivity of these altered or coated mineral dust surfaces may prevent or
enhance the reactivity of trace gases with dust particles (Usher et al., 2003). Furthermore, some previous
laboratory studies reported differences in the interaction of VOCs with different dust components, i.e., SiO2 and a-
Fe203 (i.e. Niu et al., 2017). The components and mineralogy of Tunisia and Gobi dust are different (Di Biagio et
al., 2017), which may also induce the coating differences observed in this study.

1.2 Dust coating conditions and processes

In this section, we will focus on the Gobi-SOA coating experiments and discuss the coating processes indicated by
single particle measurements from the LAAPTOF. Fig. 5a and b are two typical mass spectrum types of initial Gobi
dust, both representing dust (Al+, SiO2—, SiO3-...) internally mixed with nitrate (NO2—, NO3—, NO+...), organics
(m/z 43+, m/z 44+...) and possibly bioaerosol (PO3-). Compared to Type-2 in Fig. 5b, Type-1 in Fig. 5a is likely to
have more coatings of nitrate on Gobi dust. The laser power of LAAPTOF is certain. If the laser power is more
distributed to ionize nitrate coating, ions from dust are likely to be less. Here, we use the tracers of NO2—/SiO3—
ratio and Al+ to classify type-1 (dust with more nitrate coating) and type-2 (dust with less nitrate coating). The
number fraction ratio of type-1: type-2 is ~53%: 47% for initial Gobi dust.

After the lights were on, the mass spectrums of LAAPTOF showed two new aerosol types which can be attributed
to SOA-coated Gobi dust. Type-3 in Fig. 5c is similar to Type-1 but has apparently enhanced signals at such as m/z
43+, higher positive m/z, and m/z 59—. These ions are mostly related to ions from organics, e.g., m/z 43+ is likely
related to CHNO+ and C2H30+, and m/z 59— is likely related to CH3COO- and CHNO2-. Type-4 in Fig. 5d is
similar to Type-2 but has slightly enhanced signals at such as m/z 43+ and 59-. Type-3 (SOA-coated dust with
more nitrate coating) and type-4 (SOA-coated dust with less nitrate coating) suggest the formation of SOA from
toluene reactions, and the formed SOA is internally mixed with Gobi dust. Some of the SOA ions may be related to
organonitrates, which belong to absorbing BrC and may contribute to the observed decreasing SSA at the blue
wavelength in Sect. 1.1.

Here, we use the m/z 43+ signal intensity as a tracer of organic coating extent on dust. Fig. 6a shows the evolution
of m/z 43+ intensity in Gobi-SOA experiments (Exp. 3 and 5). More particles were experiencing larger enhancement

of signal at m/z 43+ after lights on in Exp. 5 than in Exp. 3. This indicates that more particles were coated with
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more SOA formed from toluene reactions under low-NOx condition (Exp. 5) than under high-NOx condition (Exp. 3).
In this study, m/z 43+ enhancements exceeding 3 standard deviations above average m/z 43+ value of initial Gobi
dust in each experiment were used to select coated dust (type-3 and 4). Fig. 6b shows the evolution of number
fractions of the four particle types (types 1 to 4) in Gobi-SOA experiments (Exp. 3 and 5). In high-NOx experiment
(Exp. 3), it showed an increase in the number fraction of type-1 dust and a decrease in type-2 dust after light on,
and a small fraction of SOA-coated dust (type-3) was formed. This suggests that NOx reactions may be more
competitive than toluene reactions under high-NOx condition. The coating was mainly nitrates formed from NOx
reactions, which condensed on type-2 Gobi dust. In low-NOx experiment (Exp. 5), it showed a large increase in the
number fraction of SOA-coated dust (mainly type-3 and minor type-4) and decreases in type-1 and 2 dust. There
were about ~41% of initial Gobi dust becoming coated with SOA formed from toluene reactions after 1.5 h aging.
Different from high-NOx experiment, toluene reactions were controlling processes in low-NOx experiment and the
coatings on Gobi dust with aging time were mainly SOA, which may explain the observation of more SOA mass
yields under low-NOx condition than high-NOx condition. The majority of SOA-coated dust in both low/high-NOx
experiments is type-3 that is with more nitrate coatings, indicating that the exiting nitrate coatings on Gobi dust
(type-1) may promote the dust interaction with toluene and/or toluene photo-oxidation products and the formation
of organic coatings. A previous laboratory study reported that NO2+ produced from nitric acid (HNO3) on mineral
particles is found to be a key reactant in toluene nitration to generate nitrotoluene (Niu et al., 2017). In addition,
the Gobi-SOA experiments were conducted under ~50% RH. The nitrate coatings, acting as soluble species, may
affect the water content on the Gobi dust surface and further dust surface interaction with VOCs.

2. Main conclusions

In this study, we studied the mixture of dust particles (Tunisia and Gobi Desert dust) and SOA formed from a
representative anthropogenic VOC (toluene) under controlled environments. The evolution in aerosol optical
properties together with the evolution of aerosol mixing states and chemical compositions have been observed. We
found that the reaction between dust and toluene may be related to dust types, dust coating conditions, and NOx
levels. When SOA can be efficiently coated on dust particles, a decreasing trend of SSA at short wavelengths was
observed, which may be attributed to the formation of organonitrates, the light-absorbing carbonaceous. The
single-particle measurements also suggest that exiting nitrate coatings may promote the dust interaction with

toluene and the formation of organic coatings.

12/15



Outcome and future studies

The laboratory results from this study provide new insights on the interaction of anthropogenic organic species with
desert dust. This study also validated the capabilities of online single-particle technique (LAAPTOF) in chamber
study, in conjunction with other instrumentation, to promote dynamic investigation of aerosol real-time mixing state
evolution with aging and linking it to other aerosol properties. We will do further corrections (i.e., wall loss correction)
and investigation on this dataset and prepare related publications.

The outputs from this project can improve the understanding of complex behaviours of dust properties during long-
range transport, which provide implications for future climate model and remote sensing studies for the variation of
dust optical properties in complex mixture environments. Further studies of the dust mixture with anthropogenic
organic species should be also considered in the future, regarding e.g., 1) the factors that may affect the mixing
processes such as humidity, exiting coating conditions on dust, and VOCs levels; 2) the mechanisms of organic
species interaction with dust; 3) The coating effects on other climate-relevant properties of dust such as cloud and

ice nucleating ability; 4) the implementation of aging dust dataset into future model and remote sensing studies.
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Table 1. Experimental conditions of dust coating experiments

"]?;;)e Dust type Dust size Toluene (ppbv) NO (ppbv) H>0> (L/min)
1 Tunisia- high NOx AAC selected ~500 ~300 2.5
2 Tunisia-low NOx  AAC selected ~500 ~50 2.5
3 Gobi- high NOx  AAC selected ~500 ~300 2.5
4 Gobi- low NOx AAC selected ~500 ~50 2.5
5 Gobi- low NOx AAC selected ~1000 ~100 2.5
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Figure 1. The number size distributions of initial dust in each dust coating experiment.
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Figure 2. The measured a) organic and inorganic mass concentrations (relative to dust mass), and
b) SSA and AAE of the initial Tunisia and Gobi dust.
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Figure 3. The evolution of aerosol properties during the Gobi (solid lines) and Tunisia (dashed
lines) dust coating experiments respectively, including number concentrations, organic, nitrate,
SSA at 450 and 630 nm, and AAE.
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Figure 4. The evolution of number size distribution in Exp. 1.
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Figure 6. The evolution of a) the relative intensity of m/z 44* and b) number fractions of the four
particle types (types 1 to 4), in high-NOx (Exp. 3) and low-NOx (Exp. 5) Gobi-SOA experiments
respectively.



